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ABSTRACT

Characterising spectral variability of radio sources is a technique that offers the ability to determine the astrophysics of the inter-
vening 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 fre-
quencies 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: galaxies: active — radio continuum: galaxies — radio continuum: general — radio continuum: transients — radio
continuum: ISM - scattering

1 INTRODUCTION R21 surveyed over 21,000 sources with the Murchison Widefield
Array (MWA; Tingay et al. 2013) over 100-231 MHz with a two
epochs separated by roughly one year. R21 introduced the variabil-
ity index parameter (VIP) to detect variability across a wide spectral
range, and the measure of spectral shape (MOSS) parameter to clas-
sify the type of variability. R21 found a range of spectral variability,
from uniform increases in flux density across the observing band
to various changes in spectral shape. Furthermore, R21 also found
that AGN with a peak in their spectral energy distributions (SEDs)
appear to be more variable than typical power-law AGN. These
peaked-spectrum (PS) sources are typically also compact (<20 kpc);
see O’Dea & Saikia (2021) for a comprehensive review. PS sources
is lareelv attributed to extrinsi tion effect h as interstel have been shown to have a higher scintillation index for interplan-
15 fargely atirbuted 1o exIrnsic propagation eriects Such as ierstel= .,y geintillation (IPS) with the MWA (Chhetri et al. 2018). Like-
lar scintillation (ISS; Lovell et al. 2008; Koay et al. 2018). Charac- . . N . . .

O . . . wise, high-resolution imaging with VLBI found that sources with
terising the timescales and size of modulation due to ISS can pro- . . T, .

T . . ) compact morphologies also had high scintillation indices (Jaiswal

vide information on source morphologies on micro-arcsecond ((Las) .

les (N 1992: Walker 1998). Furth bility at | et al. 2021). PS sources have also been shown to vary significantly
scales (Narayan > wvalker ). Furthermore, variability at low on decade-long timescales attributed to renewed AGN activity and

frequencies (< 1 GHz) has also been attributed to ISS, particularly Lo
 evol ts (Wolowska et al. 2017; Nyland et al. 2020).
refractive ISS (RISS; Hunstead 1972; Rickett 1986: Bell etal, 2019;  YOUng evolving jets (Wolowska et a ylandeta )

Variability at radio wavelengths of active galactic nuclei (AGN) has
the potential to reveal their radio structures, astrophysical properties,
and the medium between the observer and the source. Long-duration
variability at radio wavelengths has previously been shown to pro-
vide insight into a range of intrinsic phenomena including young
jets (Patil et al. 2020; Nyland et al. 2020), jet interactions or shocks
(Jamil et al. 2010), flare events and adiabatic expansion (Hovatta
et al. 2008), oscillating jet orientation (Kudryavtseva et al. 2011),
or the nature of a surrounding ionized medium (Tingay et al. 2015;
Bicknell et al. 2018).

Short duration (hours to days) variability in the gigahertz regime

Hancock et al. 2019). The cause of the low-frequency absorption producing the spec-
Previously, Ross et al. (2021, hereafter R21), conducted one of the tral peak of PS sources is still largely debated between two com-
largest searches for spectral variability at radio frequencies to date. peting theories: synchrotron self-absorption (SSA) or free-free ab-

sorption (FFA). The first case, often considered the ‘youth’ scenario
(O’Dea & Baum 1997), suggests their compact size is likely due to
* E-mail: kathryn.ross@icrar.org the jets being young and having formed within the past ~10° years
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(Owsianik & Conway 1998) and that SSA occurs due to high bright-
ness temperatures at low frequencies. Alternatively, the FFA case,
often referred to as the ‘frustration’ scenario (van Breugel et al.
1984), suggests the radio jet/lobe is prevented from growing due to
a surrounding cloud of dense ionized plasma (Bicknell et al. 1997).
Unfortunately, distinguishing between these two scenarios requires
large spectral coverage in the optically-thick regime (below the spec-
tral turnover), and complex (often inconclusive) spectral modelling
(Tingay & de Kool 2003; Callingham et al. 2015). Furthermore, pre-
vious variability monitoring of PS sources found many displayed a
temporary peak in their SED and lost their PS source classification
(Torniainen et al. 2005, R21). Such temporary PS sources were con-
sidered likely to be blazars (i.e. a radio source with one jet pointed
towards the observer), rather than compact symmetric objects (Tay-
lor et al. 1996).

One of the key issues in radio variability, at all frequencies, is
distinguishing between intrinsic and extrinsic origins (Lovell et al.
2008). Once the origin of variability is determined, it can be used
to inform the physical properties of the source itself. Given recent
findings that PS sources appear to be a more variable population
compared to typical AGN (Chbhetri et al. 2018, R21), this popula-
tion provides a unique opportunity to study variability mechanisms.
Furthermore, the variability above and below the spectral peak (in
the optically thin and optically thick regimes respectively) may be
due to separate physical mechanisms. Tingay et al. (2015) moni-
tored the nearby PS source, PKS B1718-649, with the ATCA for
almost two years, with a large spectral coverage of 1-10 GHz. The
vast spectral coverage was able to cover the optically thick and op-
tically thin regimes as well as the spectral turnover at ~ 3 GHz,
which allowed for confident spectral modelling of both SSA and
FFA spectral models. Tingay et al. (2015) also detected variability
across the entire sampled spectrum of PKS B1718-649. By com-
bining low- and high-frequency observations to search for spectral
variability, Tingay et al. were able to refine the causes of variability
below and above the spectral turnover as being due to different phys-
ical processes. Furthermore, low-frequency variability was found to
be caused by changes in the free-free optical depth, as the magni-
tude of variability across the spectrum was inconsistent with SSA.
While the spectral modelling provided tentative evidence for an FFA
spectral model over an SSA spectral model, the cause of the low-
frequency variability being due to variations in the free-free optical
depth added further evidence in support of a FFA spectral model.

Spectral variability, therefore, has the potential to distinguish be-
tween intrinsic and extrinsic origins of variability. Until recently,
surveys of spectral variability have been limited by single/small
sample sizes (Tingay et al. 2015), narrow spectral coverage (Hun-
stead 1972; Fanti et al. 1979; Bell et al. 2019), only gigahertz fre-
quency coverage (Nyland et al. 2020; Wotowska et al. 2021) or com-
bining non-simultaneous spectral coverage (Torniainen et al. 2005).
Furthermore, the low-frequency spectral variability (in the optically
thick regime of PS sources) appears to have distinct properties and
origins compared to variability at gigahertz frequencies. With the
development of the MWA, and leading into the next generation of
telescopes such as the Square Kilometre Array low frequency ar-
ray (SKA_LOW), surveys of large spatial regions/population sizes
with significant temporal and spectral coverage are now becoming
achievable.

In this paper, we build on the work of R21 to study the spectral
variability (0.07-10 GHz) of 15 PS sources to determine the ori-
gins of their variability and absorption at megahertz frequencies.
The combined simultaneous observations from the MWA (0.07-
0.23 GHz) and the Australia Telescope Compact Array (ATCA, 1-
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10.GHz) over one year make this survey a unique study of broad
spectral variability. Section 2 outlines the selection process of the
15 PS sources in this study. The observational and data reduction
strategies for the MWA and the ATCA are described in Section 3.1
and Section 3.2 respectively. The spectral models and fitting routines
are described in Section 4. The results are summarised in Section 5
and detailed analysis and discussion of individual sources is pre-
sented in Section 6. All coordinates are in J2000.

2 SOURCE SELECTION

The main goal of this variability monitoring campaign was large
quasi-contemporaneous spectral coverage using the ATCA and the
MWA for a small number of targets.

The sample of sources were selected for follow up monitoring
according 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 variabil-
ity index parameter (VIP) > 58.3 according to Equation 1.

We selected PS source targets based on criteria (i) for a reliable
PS source classification. Callingham et al. combined flux density
measurements from the GaLactic and Extragalactic All-Sky MWA
(GLEAM; Wayth et al. 2015) ExGal data release (Hurley-Walker
et al. 2017) with flux density measurements from either the Sydney
University Molonglo Sky Survey (SUMSS; Mauch et al. 2003) or
the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) to iden-
tify PS sources with a spectral peak between 72 MHz and 1.4 GHz.
Sources were classified as a PS source if they either showed a spec-
tral peak or curvature within the GLEAM band (72 —231 MHZ), or a
power-law spectrum with a positive spectral index. As the frequen-
cies of spectral peaks of the PS sources presented by Callingham
et al. are below 1.4 GHz, our monitoring with the MWA and the
ATCA with a spectral coverage of 0.072—-10 GHz covers both the
optically thin and optically thick regimes of each of our targets.

For criterion (ii), we calculated the spectral index of a power-law
spectral model and predicted the flux densities at 9 GHz. The power-
law was fit using the GLEAM flux density measurement at 220 MHz
and the flux density at either 843 MHz or 1.4 GHz, based on the
availability of either SUMSS or NVSS. This criterion ensures we
have enough signal-to-noise in the ATCA data to probe variability at
< 10% level.

We selected the 15 most promising targets that satisfied all three
criteria as the sources for this study. Initial results of variability for
R21 identified 15 targets that satisfied all three criteria. Criterion (iii)
used the variability index parameter (VIP) according to:

n AN l' 2
VIP:; (SI(Z)G?SZ()) 7 )

where S (i) and S, (i) are the flux densities in the first and second
epoch in a given sub-band i, respectively, and o; is the combined
uncertainty of each flux density added in quadrature. The VIP is
a measure of how many flux density measurements in the second
epoch differ from those in the first epoch, and by how much. As part
of our initial results for R21, we identified 15 targets that satisfied
criteria (i) and (ii) and had a VIP that implied they were variable.
However, five of our proposed PS targets were later excluded from
the final catalogue of variable sources in R21 due to lower mosaic
quality and higher median VIP in those regions. Despite the lower



GLEAM Name S15 1IMHz (Jy) VIP MOSS
JO01513-472706  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

Table 1. Targets chosen for monitoring. SisyMpu, 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/. We present the corresponding variability index parameter (VIP) and
measure of spectral shape (MOSS) parameter. A VIP> 58.3 was classified
as variable and a MOSS> 36.7 was classified as changing spectral shape, ac-
cording 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 Sec-
tion 2. The presented VIP and MOSS values for these targets are denoted
with a * and has been calculated as part of this work.

mosaic quality, these five targets were included in this variability
study as their measured VIP was at least two times greater than the
significance cut off used for the other areas of the mosaic and sig-
nificantly larger than the median value in the poor quality regions.
As such, the variability of these five targets were considered more
significant than the variability due to the poorer mosaic quality. The
measure of spectral shape (MOSS) parameter for these targets was
also calculated according to:
no(3i seer )2
MOSS = Z w 2)
i=1 S
where diff is the median of the differences between the flux den-
sity over all frequencies, diff(i) is the difference of the flux densities
between the two epochs at frequency i, and o; is the combined un-
certainty of each flux density added in quadrature. The calculated
VIP and MOSS for all 15 PS targets are presented in Table 1.

Only 10 of our original 15 targets were classified as variable in
R21 but all have a VIP>58.3. Furthermore, all 15 satisfied criteria
(1) and (ii). All 15 targets were included in this study. A summary of
the 15 targets monitored in this study and the observations used in
the analysis can be found in Table 1.

3 OBSERVATIONS

Each target was observed six separate times during 2020. However,
due to some observational difficulties, discussed in detail in Sec-
tions 3.1 and 3.2, some epochs were discarded from analysis for
both the ATCA and the MWA. Table 2 summarises the telescope
configurations and observation information for each epoch, we also
include the two original GLEAM epochs (MWA Phase I from R21).
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3.1 MWA

The MWA observations were scheduled to match the awarded ATCA
observations' . Unfortunately, the MWA Phase II was in the compact
configuration during the January and March 2020 ATCA observa-
tions2. As such, these observations were omitted from our analysis.
All subsequent MWA observations were obtained with the MWA in
the extended Phase II configuration. Two further epochs were ob-
served with the MWA in July and September 2020 without contem-
poraneous ATCA observations. Thus there are a total of four usable
MWA epochs over six months of 2020 with two taken within 48
hours of the ATCA observations in April and May 2020. Further-
more, the GLEAM South Galactic Pole observations from 2013 and
2014 (Franzen et al. 2021), used by R21, were also considered to
make a roughly six year time baseline.

The observational strategy for the MWA relied on targeted two-
minute snapshots with the target source approximately centred in
the primary beam. Due to the large field of view of the MWA, the
sensitivity is fairly consistent within ~5 degrees of the pointing cen-
tre. These targeted snapshots were taken at five different frequency
bands of 30.72 MHz bandwidth and centred at 87.7, 118.4, 154.2,
185.0, and 215.7 MHz to match the frequencies used in GLEAM
survey (Wayth et al. 2015). High elevations were required for good
sensitivity, so the April and May 2020 observations were taken dur-
ing the day. Where possible, the Sun was placed in a null of the pri-
mary beam to reduce its effect on the observations. In the April ob-
servations, each target had three snapshots for each frequency band;
for subsequent epochs, each target had six target snapshots.

We employed a similar strategy as used for the GLEAM-X sur-
vey data reduction®. No calibration scans were taken, instead the
latest sky model, GLEAM Global Sky Model (GGSM), was used to
calculate calibration solutions for each snapshot (Hurley-Walker et
al. submitted). For the region containing all 15 of our targets, this
model is largely derived from GLEAM ExGal (Wayth et al. 2015;
Hurley-Walker et al. 2017). Following the same reduction strategy
as GLEAM-X, any known bad tiles were flagged before initial cali-
bration solutions were calculated with respect to the GGSM. These
solutions were inspected and any further bad tiles were flagged be-
fore applying the solutions. If the calibration was unable to converge
on solutions, solutions from an observation taken around a similar
time with a similar pointing were applied.

Initial images were made using WSCLEAN (Offringa et al. 2014)
with a Briggs weighting of robust weighting of +0.5 (Duchesne et al.
2021). Images were visually inspected to ensure calibration was ap-
propriate and assess the effects of the Sun for any day-time obser-
vations or bright sources known to reduce image quality*. In the
April observations, despite placing the Sun in a null of the primary
beam where possible, due to the frequency dependence of the pri-
mary beam, some pointings resulted with the Sun within the images.
This significantly increased the noise in the images and large scale
artefacts across the entire image.

For GLEAM J020507-110922 and GLEAM J024838-321336,
the location of the Sun resulted in at least twice the local root-

! The project code for MWA observations is G067, PI: Ross.

2 The side-lobe confusion of the MWA in the compact configuration is often
large enough that the scientific use of the final image is limited. For details
of the configurations of MWA Phase 11, see (Wayth et al. 2018)

3 The GLEAM-X pipeline can be found and downloaded here: https: //
github.com/tjgalvin/GLEAM-X-pipeline

4 A list of these sources can be found in Table 2 of Hurley-Walker et al.
(2017).
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Epoch Notes on MWA Observations

Notes on contemporaneous ATCA Observations

August to September 2013~ GLEAM Year 1, MWA Phase I No Data
August to December 2014 ~ GLEAM Year 2, MWA Phase I No Data
January 2020 No Data 6A configuration, 2.1, 5.5 and 9 GHz observed
March 2020 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
April 2020 Extended Phase II configuration, 6A configuration, 2.1, 5.5 and 9 GHz observed
Daytime observations, omitted for
GLEAM J020507-110922, GLEAM J024838-321336
May 2020 Extended Phase II configuration 6A configuration, 2.1, 5.5 and 9 GHz observed
July 2020 Extended Phase II configuration No Data
September 2020 Extended Phase II configuration No Data
October 2021 No Data H168 configuration, 5.5 and 9 GHz observed for

GLEAM J001513-472706 and GLEAM J020507-110922

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 relevant notes on

the observations or data omitted.

mean-squared (RMS) noise in snapshot images for each frequency
compared to other targets. As a result, this epoch for these tar-
gets was emitted. For remaining day-time observations, imaging
parameters were adjusted to reduce the power of the Sun. Since
the Sun is resolved and this study was only interested in unre-
solved (with the MWA) bright sources, short baselines of the MWA
were removed when producing images that contained the Sun in
the primary beam. The short baselines were tapered out using the
minuv-1 and taper-inner-tukey options of WSCLEAN to
create a gradual taper of shorter baselines rather than a sharp cut.
Both the minuv-1 and taper—inner-tukey were set to 50 A
to cut baselines less than 50 A and minimise baselines between 50
and 100 A. The uv-taper also reduced the effect of bright, resolved
galaxies, like Fornax-A, which were also occasionally in the field of
view.

Once satisfactory images were produced, the flux density scale
and position shifting were corrected, to account for miscalculations
of the primary beam and effects from the ionosphere, respectively.
A correction was derived and applied using FLUX_WARP (Duchesne
et al. 2020) and FITS_WARP (Hurley-Walker & Hancock 2018), both
of which use a subset of the Global GLEAM Sky Model (GGSM).
Only unresolved (according to GLEAM), bright (signal to noise ra-
tio > 10) and isolated (to within 5 arcminutes) sources were con-
sidered in the reference catalogue to ensure a reliable model of the
flux density scale and compared to the GGSM catalogue (Hurley-
Walker et al. submitted). Corrected images were stacked together to
create a small mosaic of 5,000 by 5,000 pixels with the target at the
centre. Images were stacked using SWARP (Bertin et al. 2002) and
coadded with inverse-variance weighting using the RMS noise of
the images. Due to the large field of view of the MWA, some ob-
servations covered multiple targets. To decrease the overall RMS of
stacked images, any observations where the target was within the
field of view of the MWA were included in the stacking, even if it
was not a targeted observation.

The variable ionospheric conditions during the observations can
result in a residual blurring effect. To correct for this, a blur cor-
rection was applied to the resampled, coadded mosaics by generat-
ing point-spread-function (PSF) maps. Firstly, the background and
noise maps of the mosaics were generated using the Background
and Noise Estimation tool (BANE). An initial shallow source find-
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ing was run on the resultant mosaics using AEGEAN> (Hancock
et al. 2012, 2018). For this shallow source finding, the “seed” clip
was set to 10, i.e. only pixels with a flux density 10 times the local
RMS noise were used as initial source positions. The output cat-
alogue from the shallow run of AEGEAN was cut to only include
unresolved sources. This catalogue was then used to produce a mea-
sured PSF map for the mosaic. The measured PSF map was used as
input for a further run of AEGEAN to account for the variable PSF
of the mosaic. The generated catalogue of sources from the second
run of AEGEAN was used to generate a new PSF map with the right
blur correction, which we applied to the mosaic to correct for the
ionosphere. Resolved sources were excluded from the catalogue for
this blur correction.

A final correction for any large scale flux density variations across
the blur corrected mosaic was applied using FLUX_WARP again.
This correction was of the order of 2%—10% depending on the fre-
quency and whether the observations were taken during the day. As
with the first run of FLUX_WARP, a reference catalogue of bright,
unresolved and isolated sources was used to ensure a reliable model
of the flux density scale and compared to the GGSM catalogue. The
GGSM catalogue was used as a prior catalogue for source positions
for AEGEAN’s priorised fitting. Furthermore, any sources that were
previously classified as variable by R21 were excluded from the ref-
erence catalogue.

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

3.2 ATCA

In 2020, four observations of the 15 targets were taken in January,
March, April and May. Observations were taken at L-band (cen-
tral frequency 2.1 GHz), and C/X-band (central frequencies 5.5 GHz
and 9.5 GHz). The bandwidth in all cases was 2 GHz (Wilson et al.
2011). For the January and March epochs, the observing strategy
was two 12-hour blocks on consecutive days, each of which was de-
voted to a single ATCA band. The April and May epochs each had an
18 hour observing block, and frequency switching was used between

5 https://github.com/PaulHancock/Aegean
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the two bands. In all epochs, two-minute snapshots were taken of the
target sources sandwiched between secondary phase calibrator ob-
servations. Secondary calibrators were shared between targets when
both targets had an angular separation less than 10 degrees to the
secondary calibrator in order to reduce slew overheads. The (u,v)-
coverage was more complete in the April and May epochs compared
to the January and March epochs as there was a larger time gap be-
tween snapshots due to the frequency switching. All epochs were
observed in a 6-km array configuration; for specific array configura-
tions in each epoch, see Table 2.

The same primary bandpass calibrator, PKS B1934-638, was ob-
served for each epoch and used for estimates of the overall instru-
mental errors. Furthermore, we use the measured flux density of
PKS B1934-638 in each epoch to compare with our sources to as-
sess the variability of the target sources.

Due to an error in scheduling, GLEAMJ001513-472706,
GLEAM J223933-451414 and GLEAM J224408-202719 were ob-
served at 9 GHz in March while PKS B1936-638 was observed at
9.5GHz. As a result, the 9 GHz observations for the sources in
March were discarded to avoid applying an inaccurate calibration
solution and 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-
ment set via the MIRIAD (Sault et al. 1995) task at 1od. Data were
processed using the same reduction procedure®, which we briefly
describe here. After initial flagging for radio frequency interference
(RFI), observations were split into a separate measurement set with
the primary bandpass calibrator and associated secondary calibra-
tor. An initial round of bandpass and gain calibration solutions were
calculated using just the primary calibrator. Then a second round
of gain calibration solutions were calculated using the primary and
secondary calibrators. The flux density scale was estimated using
PKS B1934-638 as a flux density standard (Reynolds 1994). Fur-
ther RFI flagging was performed on the calibrated measurement
set before an initial model image was created using the interactive
tclean on a Multi-Frequency Synthesis (MFS) image of the entire
bandwidth. Three rounds of phase self-calibration were performed
on the target source using the created model image. For all targets,
in the 5.5 GHz and 9.5 GHz bands, no other sources sources were
detected in the field of view. However, the larger field-of-view for
the 2.1 GHz band resulted in an occasional nearby source in the im-
age field. Where appropriate, these other sources were included in
the model used for self-calibration. Self-calibration solutions were
calculated by combining the entire ATCA band to increase signal to
noise, and applied without flagging any sections that were unable to
converge on a solution. Targets were split into smaller spectral win-
dows for imaging (to create the model) and flux density measure-
ments. Observations at 2.1 GHz were split into eight spectral win-
dows, 5.5 GHz into five and 9.5 GHz into four. Such binning ensured
roughly equal fractional bandwidth per spectral band. The flux den-
sity for each spectral band was measured using the uvmodelfit
function in CASA. A rough initial source position was given based
on the MFS image but allowed to vary.

The flux densities of secondary calibrators and the primary band-
pass calibrator were also measured using uvmodelfit. These
measurements were used to estimate systematic errors on the flux
density measurements of targets and assess the significance of any
variability.

6 The code used to process all the ATCA data can be found here: https:
//github.com/astrokatross/ATCA_datareduction
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In October 2021, opportunistic follow-up observations obser-
vations with the ATCA at 5.5GHz and 9GHz during Direc-
tor’'s Time were undertaken of GLEAMIJ001513-472706 and
GLEAM J020507-110922 in the H168 configuration. The observa-
tional strategy differed slightly to the 2020 monitoring. Targets were
observed with 10 minute scans over several hours.

4 SPECTRAL MODELLING

We fit spectral models to each source at each epoch to determine the
underlying absorption mechanism. There are two main mechanisms
for absorption at low frequencies: synchrotron self-absorption (SSA)
or free-free absorption (FFA). The SSA model assumes the electron
energy distribution for a single homogeneous synchrotron emitting
region is described by a non-thermal power-law with index 3. A
spectral turnover occurs in a SSA model when the photons from the
source are scattered by the relativistic electrons in the plasma. The
low-energy photons are more likely to be scattered repeatedly re-
sulting in them appearing to be "re-absorbed" by the plasma. The
SSA model can be described according to Equation 3 of Kellermann
(1966), where v, is the frequency where the source becomes opti-
cally thick (i.e. the optical depth, 7y, is unity). Namely,

v B 1—e "
2 —e v
Sy = Snorm < > l: :l )
Vp Ty

where 3)

—(p+4)
v 2
Vp

Alternatively, the FFA model assumes a process of inverse
bremsstrahlung or free-free absorption, where an ionized plasma
screen is causing the absorption of the photons emitted by the rel-
ativistic electrons from the source (Bicknell et al. 1997; Tingay &
de Kool 2003; Callingham et al. 2015). In this scenario, the elec-
trons emit photons described by a non-thermal power-law distri-
bution, using ¢ as the spectral index of the synchrotron emission,
where a = (B —1) /2 for the electron energy distribution as de-
scribed by Equation 3. Several variations of FFA models exist that
account for variations in screen morphology (either homogeneous or
inhomogeneous) and whether the absorption is external or internal
to the emitting electrons. In this work, we only consider FFA mod-
els with an external ionized screen that is either homogeneous or
inhomogeneous since internal free-free absorption has been shown
to poorly replicate observed spectra of PS sources (e.g. Callingham
et al. 2015).

The external homogeneous FFA model assumes a uniform ionized
absorbing screen covers the entire emitting source. For a screen with
optical depth 7y, the external homogeneous FFA model is written
(Bicknell et al. 1997):

o _—T,
Sy = ShormV- e,

where

v 2.1
Tv — —_—
Vp

where v, is the frequency where the free-free optical depth equals
unity.

The inhomogeneous FFA model is an external FFA model where
the absorbing ionized cloud has a range of optical depths. The inho-
mogeneous FFA model was first presented by Bicknell et al. (1997),

)
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who modelled the interaction of the radio jets with the surrounding
interstellar medium (ISM). Bicknell et al. (1997) proposed the jets
create shocks in the ISM as they propagate from the AGN, producing
regions of shocked gas with spatially variable optical thickness. To
derive the spectral model of such a scenario, Bicknell et al. (1997)
assumed the range of optical depths can be described by a power-law
distribution with index p according to:

aree (21,1 )ral, 5)

where n, is the free electron density and 7, is the electron tem-
perature. We assume p > —1, otherwise as this model reduces to
the homogeneous condition. By assuming the scale of the lobes is
much larger than the scales of the inhomgeneities in the ISM and
the shocks, Bicknell et al. (1997) represent the inhomogeneous FFA

model as:
—2.1 2.1(p+1)+oa
\Y \%
P+L<—) }() (©)
Vp Vp

where 7 is the lower incomplete gamma function of order p+ 1. In
this model, the spectral index of the optically thick regime is de-
scribed by ogpick = & —2.1(p+ 1) (Bicknell et al. 1997).

Each of the SSA, FFA, and inhomogeneous FFA models assume
a non-thermal synchrotron emission power-law distribution of the
relativistic electrons. However, a continuous injection model (Kar-
dashev 1962) predicts that the higher-energy electrons cool more
quickly than the lower-energy electrons, presenting as a spectral
steepening at frequencies higher than a break frequency, Vyeak. We
introduce an exponential multiplicative factor, e~ V/Vrik into the
SSA, homogeneous FFA and inhomogeneous FFA models to rep-
resent the spectral steepening (Callingham et al. 2015). We there-
fore fit a total of six spectral models: SSA, SSA with an exponential
break, external homogeneous FFA, external homogeneous FFA with
a spectral break, external inhomogeneous FFA and an external inho-
mogeneous FFA with a spectral break.

We fitted each spectral model using the Ult raNest package’
(Buchner 2021). UltraNest uses a nested sampling Monte Carlo
algorithm MLFriends (Buchner 2017, 2016) to derive the Bayesian
evidence and posterior probability distributions. We assumed a
Gaussian distribution for the likelihood of each parameter and used
a reactive nested sampler. As discussed in Section 5, we detected no
significant variability with the ATCA across the 2, 5.5 or 9 GHz fre-
quency sub-bands. As a result, ATCA flux densities were combined
over time per sub-band to create an average flux density with 17
unique spectral points per source. This average ATCA spectrum was
used to fit each MWA epoch over using individual ATCA epochs.

To compare spectral models, we calculate the Bayes factor, K:

Sy = Snorm(P+ 1)7

K= el(’gm —logz, @)

for each pair of models where z; is the maximum likelihood of the
model i. Models with fewer parameters have a higher likelihood,
thus the Bayes factor is robust against preferring over-fitting. As-
suming the physical mechanism causing the absorption in the SED is
constant between epochs, we can determine the most likely spectral
model based on all epochs. We calculate the average log likelihood
of each model per source and conclude the most likely model is that
with the largest average log likelihood. We calculate the Bayes fac-
tor, according to Equation 7, for the preferred model to the second

7 https://johannesbuchner.github.io/UltraNest/

MNRAS 000, 1-17 (2022)

most likely model to determine the significance of the likelihood. If
K > 100, the likelihood of the first model is strongly more likely. If
K < 10, the first model is more likely but there is less evidence of
support. We present the average log likelihood (averaged over all the
epochs), log(i) for each model in Table 3.

5 RESULTS

We present the SEDs for each epoch of each source in Figure 1.
We include flux density measurements from other radio surveys in
the SEDs; these were not used in any fitting, but are included in the
plots for completeness. The additional radio surveys are the Very
Large Array Low-frequency Sky Survey Redux (VLSSr; Lane et al.
2014), Tata Institute for Fundamental Research Giant Metrewave
Radio Telescope 150 MHz Sky Survey Alternative Data Release 1
(TGSS-ADRI1; Intema, H. T. et al. 2017)8, the Molonglo Refer-
ence Catalogue (MRC; Large et al. 1981, 1991), Sydney University
Molonglo Sky Survey (SUMSS; Mauch et al. 2003), Rapid ASKAP
Continuum Survey (RACS; Hale et al. 2021), NRAO VLA Sky Sur-
vey (NVSS; Condon et al. 1998), an the Australia Telescope 20 GHz
Survey (AT20G; Murphy et al. 2010). All catalogues were cross-
matched using TOPCAT’s (Taylor 2005) nearest neighbour routine
with a 2 arcmin radius. A 2 arcmin radius was chosen as it is compa-
rable to the resolution of GLEAM. Table 3 presents the results of the
spectral fitting, reporting the average Bayes factor to determine the
most likely spectral model over all epochs, and observed variability.

We find each source shows a negative-slope power-law SED at
frequencies > 1 GHz, which steepens at high frequency, consistent
with synchrotron emission from a radio-loud AGN. We do not find
any sources in our sample with a flat spectrum at gigahertz frequen-
cies. Furthermore, we do not detect any significant variability with
the ATCA in the 2020 monitoring, which sampled timescales of up
to four months. The ATCA spectra of targets were compared to their
secondary calibrators and the bandpass calibrator, PKS B1934-638,
but no target showed significant variability or trends.

In contrast, there are several different behaviours of variability
detected at megahertz frequencies. Most common are sources show-
ing a consistent spectral shape with small variations with an overall
trend over the epochs. However, some appear to change their spectral
shape significantly, for example GLEAM J020507-110922 shown in
Figure lc. For each source, we check for significant variability with
the MWA by comparing to nearby (< 1 deg) sources. In each case,
we find no significant variability or common behaviours between our
targets and nearby sources. The SEDs of nearby targets can be found
in the online supplementary materials.

There is no significant variability at any frequency or timescale for
GLEAM J052824-331104 or GLEAM J022744-062106. We do not
detect any greater difference in flux densities for either source com-
pared to any nearby source in the MWA images. GLEAM J052824—
331104 was in the region of the SGP mosaics that R21 deemed too
poor quality to detect variability (see Section 2 for details). We there-
fore conclude any difference observed between 2013 and 2014 for
GLEAM J052824-331104 is not physical. It is possible the initial
variability of GLEAM J022744-062106 detected by R21 was gen-
uine and not due to introduced instrumentation errors, and it was
still variable in 2020. However, the noise of the images created in
2020 were of too low quality to detect any significant changes in
flux density as the Sun was in the primary beam for several images.

8 (We use the rescaled version of TGSS by Hurley-Walker 2017, to match
the GLEAM flux density scale)
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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, overlaid. Additional surveys are plotted in grey: VLSSr (diamond), TGSS-ADRI1 (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) SEDs for all targets. Models plotted are the best spectral model according to the average Bayes Factor presented in Table 3. Additional
surveys are plotted in grey: VLSSr (diamond), TGSS-ADRI (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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GLEAM Name logLssa  logLppa  logLinpra  logLssap  logLppap  logLinppap Best Model  Variability

JO01513-472706 75 93.2 121.4 1153 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 inFFADb 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 71.1 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 -18.7 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

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 over all epochs. See Section 4 for details. Models are defined as: SSA, SSA with an exponential break (SSAb), external homogeneous FFA
(FFA), external homogeneous FFA with a spectral break (FFAb), external inhomogeneous FFA (inFFA) and an external inhomogeneous FFA with a spectral
break (inFFAD). 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 over 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 over any other spectral model.

The SSA model with a spectral break was the most likely model
for only one source, GLEAM J024838-321336. However, the Bayes
factors for the SSAb model compared to the next most likely mod-
els, the FFAb and inFFADb, are 33 and 90, respectively. Consequently,
there is not strong evidence to support the SSAb spectral model over
either the FFAb or inFFAb, given a K > 100 is considered strong
evidence. A higher frequency spectral break is more likely in each
case, but there is low evidence for distinguishing between the spec-
tral models: SSA, FFA or inFFA. This is likely due to the shifting
peak frequency (shown in Figure 7 and discussed further in Sec-
tion 6.3) and insufficient sampling below the spectral peak (since
Vp < 140 MHz in all epochs).

The other 14 sources were best fit with an inhomogeneous FFA
spectral model with a spectral break. For GLEAM J001513-472706,
the Bayes factor for inFFAb compared to the second most likely
model, inFFA, is 82. This also suggests there is not enough strong
evidence to support the inFFAb model, however, the Bayes factor
for either inhomogeneous FFA model compared to either the FFA
or SSA models is >>100. We therefore conclude that the spectrum
of GLEAM J001513-472706 is best fit by an inhomogeneous FFA
model but the presence of a exponential break is uncertain. This is
likely due to the lack of higher frequency flux densities at 9 GHz in
March 2020, which is roughly the frequency where we could expect
a spectral break.

Lastly, we note GLEAM J021246-305454 has a Bayes factor of
5.7 when comparing the inFFAb model with the SSAb model (the
second most likely spectral model). This is not decisive evidence,
so we cannot confidently say the inFFAD spectral model is the most
appropriate. Comparing the log likelihoods for each model presented
in Table 3, there is strong evidence GLEAM J021246-305454 has an
exponential spectral break. However, similar to GLEAM J024838—
321336, there is low evidence to distinguish between the spectral
models. Again, it is likely this is due to insufficient sampling below
the spectral turnover (=150 MHz).

6 DISCUSSION

In this section, we will discuss the likely physical mechanisms for
any observed variability. The majority of sources appear to show
slow trends of increasing or decreasing flux density across the MWA
band throughout 2020 with no significant variability detected with
the ATCA.

In Section 6.1, we present the sources that are likely showing vari-
ability due to interstellar scintillation and discuss the implications of
such a mechanism. We focus on individual sources that show un-
common variability; GLEAM J020507-110922, GLEAM J024838—
321336, GLEAM J015445-232950 and GLEAM J223933-451414
in Sections 6.2, 6.3, 6.4 and 6.5, respectively.

6.1 Interstellar Scintillation

The large spectral coverage of these observations samples the two
different regimes of scattering: weak and strong. The electron col-
umn density along the line of sight and observing frequency deter-
mine which scattering regime is applicable (Narayan 1992; Walker
1998). The electron column density is largely related to the Galac-
tic latitude. All our sources are far away from the Galactic plane,
thus the transition frequency, vy, from strong to weak scattering
is ~8 GHz and the angular size limit at the transition frequency,
Oro, is 4 pas (Walker 1998). Continuing under this assumption,
all our calculations for ISS at 2.1 GHz, 5.5 GHz and megahertz
frequencies will be using the strong scattering regime, while the
9 GHz calculations will be using the weak scattering regime. Fur-
thermore, we eliminate the possibility of diffractive ISS in the strong
regime, as the fractional bandwidth of variations is predicted to be
~ 1.4 x 107>, but the smooth SED for all sources at frequencies
< 8 GHz, in each epoch suggests the fractional bandwidth is closer
to unity.

MNRAS 000, 1-17 (2022)
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6.1.1 Weak Scattering

First, we consider the modulation and timescales of variability due
to weak scattering at 9 GHz for a compact source. A compact source
is defined as having angular size < 6r where:

Vi
6F = Br0y [ - ®)

resulting in a timescale of scintillation according to:

Vo
tcompact ~2 77 (9)

where Opg is the angular size limit of a source at an observation
frequency, v that equals the transition frequency, vy ~ 8 GHz at our
Galactic latitude (Walker 1998).

Using Equation 9, for observations observed at frequency, v, of
9 GHz, the timescale of modulation due to ISS, fcompact, would be of
the order of 1.9 hours. Any observations over several hours would
therefore average over the variability due to ISS. All our observa-
tions for ATCA were taken over observations blocks of ~ 18 hours,
thus our measured flux densities average over any hourly variability.
Thus, no significant variability would be detected in our observa-
tions.

To test this hypothesis, we analyse the ATCA Director’s Time data
collected hourly in October 2021, see Section 3.2. The October 2021
follow-up observations with the ATCA were taken using a different
observing technique to the original 2020 monitoring. These obser-
vations consisted of multiple 10 minute scans separated by a cou-
ple of hours. Let us take GLEAM J001513-472705 as an example
source for future calculations. In the October 2021 epoch, we ob-
served GLEAM J001513-472705 twice with 10 minute scans sepa-
rated by ~ 1.5hours, which is slightly below the expected timescale
of 1.9 hours. Figure 2 presents the light-curves of GLEAM J001513—
472705 in October 2021 at 5 and 9 GHz. Flux density measure-
ments were taken at 30second intervals in (u,v) space using the
uvmodelfit module in CASA and the percentage offset is calcu-
lated from a median flux density value®.

Within the 10 minute scans, there may be modulation (seen as ris-
ing in the first scan and then decreasing in the second) but it is likely
this is sampling a small fraction of the longer-term (hourly) mod-
ulation. In the 2021 observations we see an overall modulation of
=~ (.15 at 9 GHz. We can calculate the expected modulation using:

17/12
Yoy (10)

Mcompact = (7

which suggests mcompact ~ 0.85. It is worth noting, Equation 10 ap-
plies for a well sampled light-curve, since we only have poor time
sampling, this calculated modulation has a large margin of error.
The smaller measured modulation could be due to a number of
factors: we are not sampling the entire timescale or modulation of
variability, and/or the source is slightly resolved compared to the
angular size limit, Org. The October 2021 observations only con-
sisted of two 10 minute scans, hence it is likely that the modula-
tion and timescale is not sampled sufficiently. Further observations
of GLEAM J001513-472705 at 9 GHz with continued monitoring
over timescales of hours to days would increase the likelihood of
sampling the entire timescale of variability and converging on the
modulation.

9 In each case, our target dominates the visibilities ensuring such model fit-
ting is appropriate.
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Figure 2. Light curves of flux density variance for GLEAMJ001513—
472705 (purple) and GLEAM J020507-110922 (pink) in October 2021 at
5GHz (top) and 9 GHz (bottom). Flux densities were measured using the
uvmodelfit function of CASA for 30 second time intervals. The fractional
flux density percentage offset (or modulation, m) was calculated as the dif-
ference of each 30second flux density measurement from the median flux
density of the entire light curve for each source. The errors on the flux den-
sity are the local rms of the images for each source only, as any systematic
errors do not influence the fractional flux density offset.

Alternatively, if GLEAM J001513-472705 has a compact com-
ponent that is slightly resolved compared to the angular size of the
scattering screen, the modulation decreases and timescale increases
according to:

0\ 7/6
Mgobserved = Mcompact (975) s (1)
O )
t =t =), (12)
observed compact ( or

where Of is defined by Equation 8 and is the angular scale of the
scattering screen and Os is the angular size of the compact compo-
nent (Walker 1998). If we have sampled the timescale and modu-
lation sufficiently, GLEAM J001513-472705 must have a compact
component /= 17 pas. This would correspond to a timescale of scin-
tillation of roughly 8.5 hours. It is likely we over overestimated the
modulation and underestimated the timescale based on our poor
sampling, as such, this compact component size estimate should be
considered as a lower limit.

These caveats to the weak scattering are reasonable assumptions
to explain the variability of GLEAM J0O01513-472705 measured at
9 GHz. This would imply that GLEAM J001513-472705 is an intra-
day variable source with a compact feature on pas scales. Further
monitoring at 9 GHz would be required to sample the modulation
more thoroughly and estimate the timescales of ISS more accurately.

6.1.2 Strong Scattering

Let us now consider whether any variability at frequencies < vy are
also consistent with interstellar scintillation but in the strong regime,
in particular due to refractive interstellar scintillation (RISS). In the
strong regime, we have:

6, = Oro (?)11/5, (13)



17/30 7/6
\% 0,
Mcompact = (\70> »Mobserved = Mcompact (0*5) (14)
11/5
\4 95
Icompact = 2 (*) »lobserved = Icompact (*) (15)
Vo 0,

following Walker (1998), where a compact source is defined as < 6,..

At 5 GHz, we would expect a modulation of ~0.77 on timescales
of ~6hours with a angular screen size, i.e. the angular size of a
compact component, of ~11.2 pas. Considering GLEAM J001513-
472705 as an example again, we measure a modulation at 5 GHz of
~0.086 across approximately two hours. Consistent with the results
of the 9 GHz variability, this calculation suggests that the compact
feature of GLEAM J001513-472705 is likely resolved compared to
the scattering screen and/or we have not sampled the timescale and
modulation sufficiently.

Furthermore, at 150 MHz, using Equation 15, the timescale
of variability is expected to be 1.4years with a modulation of
0.1 (using Equation 14) and a scattering screen angular size
~ 25mas (using Equation 13). Our observations during 2020
cover a timescale of six months with four epochs. Thus, we
should be able to detect a small level of variability as a slow
shift in flux density across the entire MWA band over the course
of the observations. For GLEAMJ001513-472705, we see a
modulation of 0.1 over the 6 month monitoring period with a
constant trend of the flux density increasing across the entire MWA
band. Several other sources also display slow trends of increas-
ing/decreasing flux density across the entire MWA band in the 2020

observations: ~ GLEAMJ021246-305454, @ GLEAM J032213-
462646, GLEAM J032836-202138, GLEAM J033023—
074052, GLEAM J042502-245129, GLEAM J044033-422918,

GLEAM J044737-220335, GLEAM J224408-202719. Since the
variability detected for GLEAM J001513—472705 at each frequency
band is consistent with ISS, it is likely the sources that show a
similar variability trend at MHz frequencies are also variable due
to ISS. GLEAM J015445-232950 and GLEAM J020507-110922
also show trends of variations in the flux density across the MWA
band. However, both also display a change in their spectral shape
within the MWA band in later epochs. We discuss the variability of
GLEAM J020507-110922 and GLEAM J015445-232950 further in
Section 6.2 and Section 6.4 respectively.

It is worth noting, R21 suggest sources with a low MOSS value
(< 36.7) are likely variable due to refractive ISS. In agreement with
R21, of our 15 targets, we find all sources with a low MOSS value to
be exhibiting variability consistent with ISS apart from one source
which shows no significant variability (GLEAM J022744-062106).
Inversely, inspecting the MOSS value of the 9 sources we claim are
exhibiting ISS, all bar one (GLEAM J033023-074052) have a low
MOSS value consistent with ISS according to R21.

We would thus expect these sources to show intra-day variability
at higher frequencies > 1 GHz. While it is uncommon for PS sources
to have hot-spots or compact features in their morphologies (Keim
etal. 2019), 9 of our 15 PS sources show variability entirely consis-
tent with scintillation due to such a compact feature. High-resolution
imaging would determine the presence of a compact feature on pas
to mas scales.

6.2 GLEAM J020507-110922

Due to the unique and extreme nature of the variability exhibited
by GLEAM J020507-110922, we discuss several plausible expla-
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Figure 3. SED of only MWA flux densities for GLEAM J020507-110922.
The spectral shape in September 2020 (lavender) is significantly different to
all previous epochs.

nations: intrinsic variability due to SSA, ISS, and variations in the
free-free opacity. A close-up of variability observed at megahertz-
frequencies for GLEAM J020507-110922 is presented in Figure 3.

6.2.1 Synchrotron Self Absorption

Firstly, we assume that the mechanism for the turnover in
GLEAM J020507-110922 is due to SSA. Any changes in flux den-
sity below or around the turnover would be due to changes in the
synchrotron absorption. Using a synchrotron model, with m, and e
the electron mass and electron charge respectively, we have (in the
observed frame of reference),

1
3..3v504 2
S, = Tom, v, 65 (16)
4 0.94eBsin(0) |

where Oy is the angular source size, and the magnetic field, B, is at an
angle O to the line of sight (Tingay et al. 2015). Thus, changes in the
peak frequency, v,, would result in changes to the flux density at the

peak frequency, Sy, o< vi/ 2, Using the best model fit for each epoch,
Figure 4 shows the change in v, with time. Therefore, assuming a
constant Oy, B and sin(0), the measured change in v, of 0.1 GHz
would correspond to Sy, increasing by = 4 mJy. However, we detect
a decrease in Sy, of ~ 0.5 Jy. Either the magnetic field would need
to increase by several orders of magnitude, or the source size would
need to contract significantly (~ 10%); both scenarios are physically
improbable. Consequently, we can eliminate the possibility that the
variability is due to variations of the synchrotron emission.

6.2.2 Interstellar Scintillation

Secondly, we consider the possibility of ISS following the same cal-
culations described in Section 6.1. As the 9 GHz data is the only
frequency in the weak regime, we start by examining these data. We
do not detect any modulation at 9 GHz on timescales of months or
years, however, as described in Section 6.1, we would expect weak
scattering on the timescale of ~1.9hours. The October 2021 ob-
servations of GLEAM J020507-110922 consisted of two 10 minute
scans separated by ~2hours. Thus, we can expect any modula-
tions we detect between the scans to be due to weak scattering.
At 9 GHz, we measure a modulation of = 0.0063, which is two
orders of magnitude smaller than the expected modulation of 0.85
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Figure 4. The measured peak frequency (vp) from the fitted spectral model
(inFFAb) of GLEAM J020507-110922 for each epoch. v;, is consistent from
2013 to July 2020 and then significantly increases in September 2020.

at 9 GHz. There is no variability detected by eye in the light curve
for GLEAM J020507-110922 presented in Figure 2. Consequently,
GLEAM J020507-110922 would have to be resolved compared to
the scattering screen. If the variability observed at 9 GHz between
the 10 minute scans is due to weak scattering, GLEAM J020507—
110922 must have a compact component of the scale 0.3 mas. Fur-
thermore, it would increase the timescale of observed variability to
five days. While it is unlikely GLEAM J020507-110922 has a com-
pact feature < 1 mas, we recommend monitoring over the course of
several consecutive days at 9 GHz to confirm.

Next, we consider the variability in the strong regime at 5 GHz.
We detect no significant variability by eye at 5 GHz in the Octo-
ber 2021 observations and calculate a modulation of only 0.0025 at
5 GHz between the 10 minute scans in October 2021. Again, this
significantly smaller modulation at 5 GHz could be explained by
GLEAM J020507-110922 being slightly resolved compared to the
refracting scintillating screen, but there is still a constraint on the
compact component of <1.5mas. The typical power-law spectrum
of GLEAM J020507-110922 above the turnover suggests it is un-
likely there is a compact component contributing a large fraction of
the flux density at 5 GHz and 9 GHz that is smaller than 2 mas. Fur-
thermore, this modulation is well within the 10 flux density errors
of GLEAM J020507-110922: thus, no significant modulation is de-
tected between the 10-minute scans.

Continuing with considering the strong regime but now at
150 MHz, we find there is a noticeably different spectral shape in
September 2020 compared to previous epochs, see Figure 3. Such a
change in spectral shape would require small scale structures within
the refracting screen creating a frequency dependence smaller than
the bandwidth of the MWA. While it is not impossible, it is un-
likely that such small scale structures only appeared between July
and September 2020. The constant spectral shape until the Septem-
ber 2020 epoch suggests a different physical mechanism may have
caused the observed variability between July and September 2020.
We will therefore consider the variability of the other epochs and
exclude September 2020 first.

At 150 MHz, the timescale of variability is expected to be ~
1.4 years according to Equation 15. We see consistent variabil-
ity between the epochs of observation on scales of months, sug-
gesting that GLEAM J020507-110922 must be entirely compact
compared to the refracting plasma at 150 MHz. As shown in Sec-
tion 6.1, the scale of the scattering disc is ~ 25 mas at 150 MHz.
It is possible GLEAM J020507-110922 has a compact component
~25mas in size that is dominating the flux density measured at
150 MHz; i.e. that the resolved lobes are contributing a small, al-
most negligible, portion of the flux density at MHz frequencies or
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that GLEAM J020507-110922 is extremely compact. Therefore, the
variability observed by the MWA is possibly due to RISS, provided
GLEAM J020507-110922 is ~25mas. Furthermore, there would
need to be small-scale structures (< 6, = 25 mas) in the scintillat-
ing screen inducing strong frequency dependence between July and
September 2020. Such small structures in the plasma would be com-
parable to the scales of plasma required for an extreme scattering
event (ESE). ESEs are rare events and high-quality dynamic radio
spectra are required to characterise the features of the plasma caus-
ing such an event (Bannister et al. 2016; Tuntsov et al. 2016).

High resolution images using VLBI would be able to confirm or
deny the presence of a scintillating compact feature. The high reso-
lution images paired with continued monitoring at MHz frequencies
(on timescales of ~years) and GHz frequencies (on timescales of
~days) would be able to determine the dominance of the compact
feature and morphology at multiple frequencies.

6.2.3 Variable Optical Depth

Lastly, we consider the possibility that the variability is due to varia-
tions in the optical depth of an ionised plasma screen. If we assume
all the variability seen at 100 MHz is due to variations in this op-
tical depth, we can scale the variations up to 5 GHz and 9 GHz as
the free-free opacity, Ty, scales according to v—2! (Lang 2013). We
see a flux density change at 100 MHz of 0.7 Jy, which would scale to
variations of 0.2 mJy at 5 GHz and 0.05 mJy at 9 GHz. Both these are
well within the measurement error on the flux density measurements
of GLEAM J020507-110922 at 5 GHz and 9 GHz, suggesting inho-
mogeneities in the free-free absorbing media are consistent with the
variability seen at all frequencies. Continuing under this assumption,
we can calculate the opacity change, AT, according to:
AS
Soe™ Tt :l

Atg = —1In {1 — (17)
where AS is the change in flux density, and Sy is the flux density of
the compact region (Tingay et al. 2015). We calculate an upper limit
on the opacity variation (by setting g to 0), using the median flux
density at 100 MHz of 1.2Jy as Sy, of At < 0.88. This suggests a
large density gradient within the free-free cloud. The optical depth
due to FFA is proportional to the electron temperature and free elec-
tron density, thus changes in either would result in changes to the
overall absorption (Bicknell et al. 1997). It is possible a region in the
free-free absorbing cloud with a higher density of free electrons or
a “clump” with a lower electron temperature moved into the line of
sight between July 2020 and September 2020. As the optical depth
is proportional to the emission measure, EM, and electron temper-
ature, T, according to EM X T;l'35 (Mezger & Henderson 1967),
we can calculate the ratio of the optical depth in September 2020 to
July 2020. We find the EM x T,"!3 in September 2020 is ~7.42
times that of July 2020. This would explain the significant change in
spectral shape from July to September 2020. It is also worth noting
the September 2020 epoch is inconsistent with all spectral models
except an inhomogeneous free-free absorbing model with an expo-
nential break at higher frequencies, shown in Figure 5. The consis-
tency with an inhomogeneous free-free absorbing model is consis-
tent with the explanation of a denser or cooler region in the inhomo-
geneous surrounding cloud changing the optical depth at megahertz
frequencies.

To summarise, the variability of GLEAM J020507-110922 is in-
consistent with changes in the synchrotron emission and DISS.
While it is possible to explain the majority of variability with ISS,
it requires extreme constraints on the source size of < 2 mas above
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Figure 5. SED for GLEAM J020507-110922 using the MWA Septem-
ber 2020 epoch and the average ATCA flux densities used for spectral fit-
ting. The models plotted are the six spectral models fitted to the Septem-
ber 2020 flux densities. The log likelihood of each spectral model is pre-
sented in the legend, a higher log likelihood suggests more evidence for the
spectral model. All spectral models other than an inhomogenenous free-free
absorption spectral model are inadequate at explaining the flux densities be-
low the spectral turnover.
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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.

5GHz and < 25mas at 150 MHz and small scale structures within
the scattering screen. Changes in the optical depth can explain all
of the variability seen at MHz frequencies and the insignificant vari-
ability seen in the GHz regime, as well as the change in spectral
shape between July and September 2020. Furthermore, the spectral
SED of GLEAM J020507-110922 in September 2020 is best de-
scribed by an inhomogeneous free-free absorbing model, consistent
with the variability being explained by inhomogeneities in the free-
free absorbing media.

6.3 GLEAM J024838-321336

GLEAM J024838-321336 showed variability during the 2020 mon-
itoring unlike any other source; the SED for just the MWA frequency
range is presented in Figure 6. Most notable is the variability in the
peak frequency, V), and flux density at the peak frequency, Sy,. It
appears V,, shows a general trend of decreasing from 2013 right
through to September 2020, shown in Figure 7. Additionally, Sy,
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Figure 7. The measured peak frequency (V,) from the fitted spectral model
of GLEAM J024838-321336 for each epoch. The decreasing v, from 2013
to September 2020 is consistent with an ejecta from the core traversing the
jet.

increases until July 2020 and then is stable with the September 2020
SED. The odd behaviour of GLEAM J024838-321336 suggests a
complex system or combination of mechanisms behind the variabil-
ity.

The first section of variability with an increasing Sy, and decreas-
ing v, is consistent with an ejecta from the core cooling and ex-
panding. Such an ejection would be emitting due to synchrotron ra-
diation. Rearranging the equation for synchrotron emission, shown
in Equation 16, we can relate the energy of the emitting particles
to the rest-frame brightness temperature of the emission. Therefore,
as the temperature of the ejecta, T decreases so too does the peak
frequency according to:

2mm, V) 1/2 18
0.47¢Bsin 0 ) ' (18)
where kg is the Boltzmann constant and m,, e and Bsin 6 were de-
fined earlier by Equation 16 (Tingay et al. 2015).

Such a region slowly expanding and cooling would also be com-
pact enough for ISS to be a dominant feature of the detected vari-
ability. The SEDs in July 2020 and September 2020 are fairly con-
stant in shape with a decrease in Sy, ; this behaviour is consistent
with RISS, as discussed in Section 6.1. We suggest the variabil-
ity of GLEAM J024838-321336 is due to both RISS and the cool-
ing and expanding of a compact synchrotron-emitting region ejected
from the core. Such a system would show a combination of increas-
ing/decreasing flux density across the MWA band due to RISS with
a slowly decreasing vp.

We note observations of X-ray binary systems, which can be con-
sidered analogous to AGN but on smaller scales, have detected ejecta
from the core at multiple frequencies (Fender et al. 2009; Tetarenko
et al. 2019). Lower frequencies detect emission further along the
jets, away from the core. Monitoring of X-ray binary flares shows a
lag in flares at lower frequencies consistent with the ejecta travelling
along the jet. If the variability of GLEAM J024838-321336 is partly
due to an ejection from the core slowly cooling and expanding, it is
possible archival observations at higher frequencies (> 1 GHz) prior
to the initial 2013 observations may have detected the initial ejection
event from the core. Furthermore, follow-up high resolution imag-
ing using VLBI would potentially be able to resolve such compact
structures and test this interpretation.

kpTp ~ mec2 <
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Figure 8. SED of only MWA flux densities for GLEAM J015445-232950.
The constant spectral shape until May 2020 is consistent with interstellar
scintillation. The changing spectral shape and spectral flattening in July and
September 2020 is consistent with variations in the optical depth.

6.4 GLEAM J015445-232950

Similar to GLEAM J020507-110922, GLEAM J015445-232950
shows two distinct forms of variability: a shift in flux density across
the entire MWA spectra from 2013 to May 2020 (consistent with
RISS), then an evolving spectral shape in July and September 2020.
The SED of the MWA flux densities for GLEAM J015445-239250
are presented in Figure 8. Interestingly, the spectral shape of
GLEAM J015445-232950 in July and September appears to flatten
rather than steepen like GLEAM J020507-110922.

Following the same logic described in Section 6.2, we consider
changes in the synchrotron emission first. Figure 9 presents the vari-
ation of v, with time showing that the value of v, increased in
September 2020 whilst Sy, decreases. This would require a sig-
nificant decrease in the size of the synchrotron emitting region,
which is nonphysical. Furthermore, the changes in spectral shape
would require improbably small-scale (< 25 mas) structures within
the plasma for the variability to be due to scintillation.

Lastly, we consider variations in the optical depth, 7. Using
Equation 17, we calculate an upper limit for the opacity variation
of 0.35 at 200 MHz. While less than the opacity variation calculated
for GLEAM J020507-110922, i < 0.35 still suggests a significant
gradient of varying optical depths in the absorbing ionized plasma.
As noted in Section 4, 7 is described by a power-law distribution
with index p and the spectral index in the optically thick regime
Olhick» 1S proportional to p. A decrease in Oypick 1S consistent with a
decrease in p, or equivalently, a decrease in the optical depth. The
spectral flattening of GLEAM J015445-232950 in July and Septem-
ber 2020 is consistent with a decrease in the optical depth suggesting
GLEAM J015445-232950 is surrounded by an inhomogeneous free-
free absorbing cloud. This is consistent with the results of spectral
modelling, where GLEAM J015445-232950 is best explained by an
inhomogeneous FFA model in five of the six epochs of MWA ob-
servations. The overall variability of GLEAM J015445-232950 can
therefore be explained by a combination of RISS and a varying op-
tical depth.

6.5 GLEAM J223933-451414

GLEAM J223933-451414 showed variability consistent with
sources discussed in Section 6.1, as presented in Figure 1n. The sim-
ilar variability suggests it is varying due to RISS at MHz frequen-
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Figure 9. The measured peak frequency (vp) from the fitted spectral model
of GLEAM J015445-232950 for each epoch. Similar to GLEAM J020507—
110922, synchrotron emission can only explain the increasing v, provided
the source contract by < 10% (according to Equation 16).
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Figure 10. SED of only MWA flux densities and spectral models for
GLEAM J223933-451414 in the 2020 epochs. May, July and Septem-
ber 2020 have had a constant factor added to the model and raw flux densities
so each SED is similar in the optically thin region of the SED. The variabil-
ity present below the spectral turnover despite the consistent flux densities in
the optically-thin regime suggests some variability is due to changes in the
absorption mechanism.

cies. However, there is also a notable steepening below the spectral
turnover of 130 MHz, see Figure 10. Similar to GLEAM J020507-
110922 and GLEAM J015445-232950, it is unlikely the variabil-
ity below the turnover is due to synchrotron emission as the in-
creased absorption would require decreases in the source size or an
increase in the magnetic field. The larger modulation in the opti-
cally thick region suggests there are changes in the optical depth
of GLEAM J223933-451414 due to an free-free absorbing medium.
Using Equation 17, we calculate a change in the free-free opacity
of Aty < 0.45 within the 2020 observations at 70 MHz. Variability
due to a changing free-free opacity suggests the physical mecha-
nism producing the spectral turnover for GLEAM J223933-451414
is also due to free-free absorption. This interpretation is consistent
with the spectral modelling. For each epoch, GLEAM J223933—
451414 is best described by either a homogeneous or inhomoge-
neous free-free absorbing model with an exponential break.

We therefore suggest that the variability of GLEAM J223933—
451414 is due to two physical mechanisms: RISS, which produced
a slow decrease in flux density across the MWA band during 2020;
and changes in the optical depth due to an inhomogeneous free-free
absorbing cloud surrounding GLEAM J223933-451414. High reso-



lution images on mas scales could search for the presence of a fea-
ture compact enough for variability due to ISS. Previous detections
of dust surrounding AGN have been made via observations of ab-
sorption features in the infrared spectra (Zhang 2021; Mason 2015).
Testing for prominent HI gas and other absorption features would
determine whether the variability is caused by variations in the op-
tical depth. Furthermore, we recommend continued monitoring of
GLEAM J223933-451414, particularly below the spectral turnover,
to detect and characterise any variability in the absorption that could
be attributed to variations in the optical depth.

7 CONCLUSIONS

R21 identified variable sources using two epochs of MWA observa-
tions separated by approximately one year. Subsequently, we have
monitored 15 PS sources during 2020 with the MWA and the ATCA
to search for and characterise spectral variability across 72 MHz —
10 GHz. We found 13 of the 15 targets continued to show variabil-
ity at MHz frequencies. We detect no significant variability at GHz
frequencies for any source on timescales of weeks to months.

We discussed the nature of ISS and the spectral variations it can
produce. We determine it is unlikely to create changes in spectral
shape, particularly on month long timescales at MHz frequencies un-
less there are small structures within the ISM on scales of ~AU. We
find nine sources show slow trends of either increasing or decreas-
ing flux densities across the entire MWA bandwidth with a constant
spectral shape. Slow variable trends at 150 MHz over the course of
~1 year is consistent with a compact feature approximately 25 mas
in size scintillating due to ISS. We therefore attribute this variabil-
ity entirely to ISS. To confirm, we detect intra-day variability of
GLEAM J001513-472706 at 5 and 9 GHz with the ATCA, also con-
sistent with ISS. The short snapshot observations of targets in the
2020 monitoring meant there was insufficient sampling for search-
ing for hourly variability in these epochs.

We discuss GLEAM J020507-110922 in detail due to the sudden
change in spectral shape in September 2020 and the increase in peak
frequency by ~100 MHz. We consider variability due to changes
in the synchrotron emission/absorption, ISS, an ESE and variations
in the optical depth. We determine two likely origins for the vari-
ability of GLEAM J020507-110922: ISS and changes in the optical
depth. The variability of GLEAM J020507-110922 prior to Septem-
ber 2020 is consistent with ISS, however the change in spectral shape
from July to September suggests either small structures within the
scintillating screen comparable to the structures that would produce
an ESE. The lack of intra-day variability at 5 and 9 GHz and the in-
crease in peak frequency supports the conclusion of a second origin
of variability. The change in spectral shape of GLEAM J020507—
110922 from July to September 2020 is consistent with a varying
optical depth due to an inhomogeneous free-free absorbing cloud,
where a ‘clump’ of either higher electron density or cooler elec-
tron temperature has moved into the line of sight. We conclude the
origins of spectral variability for GLEAM J020507-110922 are due
to both ISS and an inhomogeneous ionized cloud surrounding the
source. We combine the evidence of the most likely spectral model,
an inhomogeneous FFA model with an exponential break, with the
origins of spectral variability to determine the cause of the spectral
turnover as an inhomogeneous FFA model.

We find GLEAMIJ015445-232950 and GLEAM J223933-
451414 show similar variability to GLEAMJ020507-110922.
GLEAM J015445-232950 shows variability consistent with ISS un-
til July 2020 then a flattening of the spectral shape below the spectral
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turnover in July and September 2020. As with GLEAM J020507—
110922, we conclude the origins of the spectral variability is
most likely due to a combination of ISS and variations in the
optical depth from an inhomogeneous free-free absorbing cloud.
However, as the absorption decreases, it is likely either a ‘clump’
of hotter temperature electrons with a lower electron density has
moved into the line of sight. Similarly, GLEAM J223933-451414
shows a constant spectral shape above the turnover frequency
but a steepening below the spectral turnover. We conclude, both
GLEAM J015445-232950 and GLEAMJ223933-4511414 are
best explained by an inhomogeneous FFA spectral model with
an exponential break based on their spectral fitting and spectral
variability.

We investigate the variable peak frequency of GLEAM J024838-
321336. The decreasing peak frequency is consistent with a cool-
ing ejecta travelling along the jet, which is also compact enough to
scintillate due to ISS. Due to the likely origins of the spectral vari-
ability and the spectral fitting finding an SSA model as the most
likely, we determine the most likely explanation for the absorption
of GLEAM J024838-321336 is due to synchrotron self absorption.

The results of this variability study show the large spectral cover-
age, particularly at MHz frequencies, is key to determining the ori-
gins of the variability. Furthermore, PS sources continue to be a rich
source of variability, particularly showing distinct forms of variabil-
ity in the optically thick and thin regimes. We show that combining
spectral modelling with spectral variability is a novel and powerful
tool to determine the likely cause of absorption of PS sources. We
recommend future observations of spectral variability of PS sources,
particularly in the optically thick regime, to determine the absorption
mechanism.

In the SKA era, as large-scale surveys become feasible, it is cru-
cial we design surveys with large spectral and temporal coverage
in order to adequately sample spectral variability. In particular, we
should design surveys with cadences that probe timescales relating
to specific types of variability paired with complementary spectral
coverage. In particular, for scintillation monitoring on six monthly
to yearly cadences at megahertz frequencies compared to hour to day
cadences at gigahertz frequencies. Likewise, monitoring on monthly
cadences at megahertz frequencies for variability due to free-free
absorption. This paper highlights the value of low (MHz) frequency
spectral coverage over month-year-decade long timescales with high
(GHz) frequency observations on minutes-hours-days (ideally si-
multaneously) in distinguishing the origins of variability.
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APPENDIX A: SUPPLEMENTARY SPECTRAL ENERGY
DISTRIBUTIONS (SEDS)

The SEDs for the 15 sources nearby (< 1 degree) the targets of in-
terest can be found in the supplementary online materials. Nearby
sources were used to confirm that the variability observed was
unique to the source and not due to the data processing. Several
nearby sources were inspected and these 15 nearby sources are in-
cluded as examples. Uncertainties are calculated from the flux den-
sity uncertainties estimated from the Background And Noise Esti-
mation Tool (BANE) plus a 2% flux density error added in quadra-
ture. The 2% flux density measurement was used to account for the
systematic and random noise of the images across the MWA band
and is the internal uncertainty on the GLEAM flux density measure-
ments.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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