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ABSTRACT
The University of Tasmania Ceduna radio telescope has been used to investigate rapid variability in the radio flux density of
the BL Lac object PKS B1144−379 at 6.7 GHz. High-cadence monitoring of this extreme scintillator was carried out over a
period of approximately 9 yr, between 2003 and 2011. We have used structure functions created from the intensity time-series to
determine the characteristic time-scale of the variability. The characteristic time-scale is consistently observed to increase during
certain periods of each year, demonstrating the annual cycle expected for scintillation through an interstellar scattering screen.
The best-fitting annual cycle model for each year suggests that the scintillation pattern has an anisotropic structure and that the
upper limit of its scattering screen is at a distance of ∼0.84 kpc. Higher anisotropy in some of the annual cycle fits suggests
that changes in the intrinsic source structure might be influencing the variability time-scale. We found a prominent annual cycle
is only present in the variability time-scale for certain years, where other evidence suggests that the core is compact. From our
measurements, we calculated that the core angular size varied between 5.65 and 15.90 μas (0.05–0.13 pc). The core component
was found to be at its most compact during two flares in the total flux density, which were observed in 2005 and 2008. We
conclude that the long-term variability in the radio flux density of PKS B1144−379 is due to intrinsic changes in the source and
that these affect our ability to measure an annual cycle in its variability time-scale.
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1 I N T RO D U C T I O N

Active galactic nuclei (AGNs) exhibit variability in their emission
at frequencies across the entire electromagnetic spectrum. The
measured flux density of these sources is known to vary on a range
of time-scales from a few days up to several months. The rapid
(time-scales of less than a day), apparent variability of these compact
extragalactic radio sources at radio wavelengths is known as intraday
variability (IDV). The IDV of AGN at centimetre wavelengths was
discovered in the 1980s (Heeschen et al. 1987; Wagner & Witzel
1995). In general, there are two possible interpretations of this
phenomenon; it can either be due to an intrinsic cause where the AGN
itself is changing or evolving, or have an extrinsic origin that involves
a propagation effect along the line of sight, known as interstellar
scintillation (ISS). An intrinsic cause of radio IDV is problematic as
it requires the size of the emitting region to be very small (Qian et al.
1991), brightness temperatures that significantly violate the inverse
Compton limit (∼1012 K; Kellermann & Pauliny-Toth 1969), and
unrealistically high Doppler beaming factors (Kedziora-Chudczer
et al. 1997). ISS is an interference phenomenon seen in radio waves,
caused by an inhomogeneous ionized medium between the source
and observer (e.g. Rickett 1990; Narayan 1992; Jauncey et al. 2016).

There are two compelling pieces of evidence that it is ISS that
causes radio IDV; annual modulation in the time-scale of variability
over the course of the year and a time delay in the variability pattern
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observed at two widely spaced radio telescopes. Annual modulation
in characteristic time-scale of variability arises due to the Earth’s
orbital motion changing the relative velocity between the observer
and the scattering medium. Such annual modulations have been
detected towards a number of sources, for example, J1819+3845
(Dennett-Thorpe & de Bruyn 2001, 2003), QSO B0917+624
(Jauncey & Macquart 2001; Rickett et al. 2001; Fuhrmann et al.
2002), PKS B1257−326 (Bignall et al. 2003), PKS B1519−273
(Jauncey et al. 2003; Carter et al. 2009), PKS B1622−253 (Carter
et al. 2009), S5 0716+714 (Liu et al. 2012), 0925+504 (Liu &
Liu 2015; Liu et al. 2017), S4 0954+65 (Marchili et al. 2012),
1156+295 (Liu et al. 2013), J1128+5925 (Gabányi et al. 2007a,b)
and PKS 1322−110 (Bignall et al. 2019). Measurement of a time
delay in the variability pattern between two widely spaced radio
telescopes is feasible if the variability time-scale is significantly
shorter than the duration of the observing interval. Bignall et al.
(2006) reported time delays of up to 8 min in the centimetre wave-
length variability pattern of the intrahour variable (IHV) scintillating
quasar (type I radio IDV) PKS B1257−326 observed between the
Very Large Array (VLA) and the Australia Telescope Compact Array
(ATCA) on three separate epochs. Jauncey et al. (2000) measured
a time delay of around 2 min between the ATCA and VLA for
PKS B0405−385. Similarly, for J1819+3845, Dennett-Thorpe & de
Bruyn (2000, 2003) observed using the Westerbork Synthesis Radio
Telescope (WSRT) and the VLA, finding a clear time delay of 2
min between the pattern arrival times at each telescope that changed
over the course of the observations. No clear annual cycle has been
detected for the source PKS B0405−385 due to its episodic IHV
behaviour (Kedziora-Chudczer 2006), and Fuhrmann et al. (2002)
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reported the source B0917+624 had ceased its variability. The
episodic behaviour of scintillation could be due to changes either in
source structure or in the intervening screen properties. Observations
of ISS can be used as a probe to study microarcsecond-scale source
structure, as well as the properties of turbulence in the local Galactic
ISM through the technique of ‘Earth Orbital Synthesis’ (Macquart &
Jauncey 2002). The high-resolution capability of ISS exceeds that of
Very Long Baseline Interferometry (VLBI) and possibly even that of
space-based VLBI.

PKS B1144−379 (11h47m01.s4, −38◦12
′
11

′′
J2000) is classified

as a BL-Lac object due to its variability in optical, infrared, and
radio wavelengths (Nicolson et al. 1979; Stickel, Fried & Kuehr
1989). This source is also listed as a quasar by Véron-Cetty &
Véron (2006). It is at a redshift z = 1.048 (Stickel et al. 1989)
and was classified as a radio variable in the Parkes 2700 MHz survey
(Bolton & Shimmins 1973). It is known to exhibit both long-term
and short-term flux density variations (time-scale of a few days; type
II radio IDV) at centimetre wavelengths. Large amplitude radio IDV
in both total and polarized flux density was first identified in this
source by Kedziora-Chudczer et al. (2001a, 2001b), and this was
the reason for this object being included in the long-term 6.7 GHz
monitoring project COSMIC (Continuous Single Dish Monitoring
of IDV at Ceduna), using the University of Tasmania’s 30-m Ceduna
radio telescope (McCulloch et al. 2005; Carter et al. 2009). The
long-term variability (months to years) of PKS B1144−379 suggests
that this source also exhibits substantial intrinsic evolution. The
VLBI image of this source from the TANAMI project carried out
by Ojha et al. (2010) shows a strong compact core and clear jet
oriented south-east, with significant emission at about 30 mas from
the core. This bright, rapidly variable radio source was not detected
by the Energetic Gamma Ray Experiment Telescope (EGRET) but
has been detected by the Large Area Telescope (LAT; Abdo et al.
2009). An investigation of the radio emission in this source was
conducted by Turner et al. (2012). They observed PKS B1144−379
at 4 frequencies ranging from 1.5 to 15 GHz with the VLA and
Ceduna 30-m telescopes. From their observations, they estimated the
source angular size to be 20–40 μas (or 0.15–0.3 pc) and the inferred
brightness temperature, assuming that the observed variations are
due to scintillation, is 6.2 ×1012 K at 4.9 GHz with approximately
10 per cent of the total flux density in the scintillating component.
PKS B1144−379 can be classified as an extreme scintillator based on
its unusually large amplitude IDV, with modulation index in the range
of 5–18 per cent. Only 3.6 per cent of sources in the 5 GHz MASIV
VLA Survey of 475 compact radio sources had modulation index >

5 per cent, and 0.4 per cent showed modulation index >15 per cent
in observations over 3–4 d (Lovell et al. 2008). Therefore, analysis of
long-term monitoring of this source can improve our understanding
of the origin of turbulent structures responsible for rare, extreme ISS
(e.g. Walker et al. 2017).

In this paper, we use COSMIC data taken between 2003 and 2011
to search for evidence of annual modulation in the time-scale of the
centimetre wavelength radio emission from PKS B1144−379 and
study the physical properties of the source and the scattering screen.
In order to determine the characteristic time-scale of the variability,
which shows quasi-periodicity of around 3–4 d, observations with
a duration greater than a week are needed. Therefore, a long-term,
high-cadence monitoring programme, such as COSMIC, is required.
In Section 2, we discuss the observations, calibration, and methods
used to estimate the characteristic time-scale of intensity changes
from the structure function (SF). In Section 3, we investigate the
evidence for an annual cycle in the variability time-scale and compare
it to the expectations of both isotropic and anisotropic scattering

screen models. We investigate the reliability of the SF method
through Monte Carlo simulations in Section 4 and the results and
discussions of annual cycle fitting for the years 2003 to 2011 and the
fitted parameters are presented in Sections 5 and 6. We summarize
our main conclusions in Section 6.

2 OBSERVATI ONS AND DATA ANALYSI S

In this section, we give details of the COSMIC observing project
and the associated data calibration process. We also demonstrate the
estimation of characteristic time-scales using the SF method.

2.1 Observations and Calibration

In this paper, we use data from the COSMIC (Continuous Single-
dish Monitoring of IDV at Ceduna) observing project to investigate
the variable radio source PKS B1144−379. The COSMIC project
was designed to provide high-cadence monitoring of the flux density
variations of several strong sources of radio IDV using the 30-m
Ceduna radio telescope. The observations started in early 2003 and
continued until 2013. The Ceduna 30-m telescope was equipped
with an uncooled receiver with two orthogonal circular polarizations
operating over the frequency range of 6.4–6.9 GHz (centred at
6.7 GHz, covering a bandwidth of approximately 500 MHz). This
frequency was selected as it corresponds to the approximate transition
frequency between weak and strong scattering for extragalactic
sources at high Galactic latitude and the transition frequency is where
the variability amplitude is largest (Walker 1998, 2001). More details
about the COSMIC project, including the procedures used for the
observations and an outline of the data reduction, can be found in
McCulloch et al. (2005). The methods for reduction of COSMIC
data were refined by Blanchard (2013) and we have utilized those
methods here.

Here, we give a brief summary of the observational method. A
single measurement of the flux density of a source is obtained from
two pairs of orthogonal scans. The first pair of scans has one taken
with increasing right ascension with constant declination, followed
by another taken with decreasing right ascension. The second pair
holds the right ascension constant and scans first in increasing, then
decreasing declination. All the scans are initially centred on the
nominal source position, but the online observing system estimates
pointing offsets from the orthogonal scans and updates the position
for future observations. Updated pointing offsets are only utilized
if less than 4 h old; otherwise, the nominal pointing position is
used. Scans are saved in FITS format files, along with appropriate
metadata. Obtaining a flux density measurement from the two pairs of
scans is a multistep process, with each group of four scans towards
a single source considered separately. The amplitude data is first
normalized using the receiver noise diode and the amplitude as a
function of position on the sky is then fitted with a Gaussian profile
and a polynomial baseline. The next step is to average together the
amplitude data for the pair of right ascension (constant Declination)
scans and similarly for the pair of Declination scans. The two
averaged scans are then compared for consistency and a group of
four scans is only accepted for further processing if the amplitude
for the two average scans is the same to within 10 per cent. The
next step is to estimate the pointing offset between the observed and
actual source position and correct the measured amplitude for that
offset. The observed amplitude for the right ascension average scan
will be reduced by a declination offset between the observed and
measured source position. We measure this offset from the position
of the peak in the declination average scan, calculate the appropriate
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Interstellar scintillation of an extreme scintillator 4617

correction factor using the known shape of the beam profile, and
apply it to the right ascension scan. The same process is then repeated
for the declination average scan using the offset measured in the right
ascension average scan. The two pointing-corrected averaged scans
are then themselves averaged. Finally, a gain-elevation correction is
made based on a gain curve calculated from one year of observations
of PKS B1934−638, a southern calibrator known to be flux density
stable, with an assumed flux density of 3.9383 Jy at 6.7 GHz (with an
uncertainty of 2 per cent; Reynolds 1994). The gain-elevation curve
is applied to correct for small changes in the gain of the antenna with
elevation.

To reduce the amount of observing time lost to antenna slewing the
COSMIC project split its target sources into two groups, those that
passed north and south of the zenith. Each group of sources was typ-
ically observed for periods of 10–14 d at a time, alternating between
the two groups. PKS B1144−379 was an exception and from early
2004 was included in both groups (meaning near-continuous moni-
toring). Most sources (including calibrators) were only observed in
one group and for northern sources, 3C 227 (assumed flux density
of 1.9885 Jy) was the flux density calibrator (with an uncertainty of
2 per cent; Baars et al. 1977). The amplitude scale for the data was
converted into flux density in Jansky (Jy) by calculating the noise
diode amplitude through comparison with either PKS B1934−638
(southern calibrator) or 3C 227 (northern calibrator). The COSMIC
project made observations of the target and calibrator sources only
when they were at elevations greater than 10 deg and the measured
gain variations of the antenna are less than 5 per cent (McCulloch
et al. 2005). It was found that after scaling using the gain-elevation
correction, the measured root mean square (rms) of the flux density
for three calibrator sources (PKS B1934−638, PKS B0945+076 (3C
227), and PKS B1921−293) has a term that is some fraction of
the source flux density. Fitting the observed rms of these calibrator
sources with the quadrature function gives a constant error term
of 29 mJy and a fractional term of 0.84 per cent of the source flux
density (in Jy). All the scintillating sources observed in the COSMIC
programme have mean flux densities at 6.7 GHz that are typically in
the range of 1–4 Jy.

After applying the calibration procedures developed by Blanchard
(2013), the examination of the flux density calibrators shows rms
residual variations of approximately 3 per cent. These variations
have been identified as systematic errors due to a small temper-
ature dependence of the noise diode amplitude (which is not in
a temperature-controlled environment), and this, in turn, creates
systematic errors in the gain-elevation curve. In the previous analysis
using COSMIC data, the amplitude of the noise diode was assumed
to be constant and was determined from the assumed flux density
of the calibrator source (a constant value that does not vary with
time). However, the temperature dependence of the noise diode
amplitude means that daily temperature variations result in apparent
diurnal variations in the flux density of the calibrator. Fig. 1 shows
the variations in the external temperature and the flux density of
PKS B1934−638 measured, assuming a constant amplitude for the
noise diode, over a 6 d period. Diurnal variations in the apparent
flux density of the calibrator are clearly visible in the lower panel
of Fig. 1. We investigated a number of different approaches to
correct for the temperature dependence of the noise diode, but were
unable to find any method that reliably reduced the systematic
variations below 3 per cent. While we have good data on the
external air temperature during the observations, the noise diode
is located in the receiver room, where the ambient temperature
differs from the external temperature (Senkbeil et al. 2008) and
changes in the ambient temperature of the receiver room lag external

Figure 1. Top: External temperature at the Ceduna observatory over a
6 d period in 2003 November. Bottom: Apparent diurnal variations in the
amplitude of the flux density calibrator PKS B1934−638 over the same
period.

temperature variations, but not by a constant nor predictable amount.
The temperature dependence of the noise diode affects the flux
density measurements of both the calibrator and the target sources.
Fortunately, the amplitude of the typical ISS-induced variations in the
target sources is much larger than 3 per cent; however, it is important
during the data analysis that any methods applied to the target source
must be applied to the calibrator as well. In this way, the effect of any
systematic variations in the flux density of the target source can be
estimated. It is vital to properly characterize the systematic variations
in the flux density of the calibrator and target source, as it may impact
the measurement of the characteristic time-scale of variations, and
through that subsequent time-series analysis of the target source.

We filtered the flux density data for the calibrators
PKS B1934−638 (southern calibrator) and 3C 227 (northern cali-
brator) in order to remove extreme outliers. The mean and standard
deviation (σ ) of the flux density for 1 yr of observations were
calculated and any data that differed from the mean by more than 5σ

were eliminated. Removing the extreme outliers reduced the standard
deviation in the flux density of the calibrators by ∼ 7 per cent.
We then applied a smoothing procedure using a simple moving
average (SMA) technique to the flux density of both calibrators.
This technique is a type of finite impulse response (FIR) filter which
is applied to a set of data points by creating an average of different
subsets of the full data set (Azami, Mohammadi & Bozorgtabar
2012). The observations of the flux density calibrators for each year
were smoothed with 20 per cent of the sample size of the calibrator
data as the weighted average. The next step is to measure the scale
factor for the amplitude of the noise diode. The scale factor was
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Figure 2. Light curves of the southern calibrator PKS B1934−638 during
year 2005. Panels show all the procedures applied to the flux density of the
calibrator to reduce the systematic errors. Panel A: raw observed flux density;
B: observed flux density after eliminating 5σ outliers; C: smoothed observed
flux density; D: final estimate of the observed flux density; and E: measured
scaling factor.

determined from the ratio of the smoothed flux densities and the
assumed flux density of the calibrators (3.9383 and 1.9885 Jy for
the southern and northern calibrators, respectively, at a frequency
of 6.7 GHz). Fig. 2 shows the flux density data for the calibrator
PKS B1934−638 (southern calibrator) after it has undergone all the
procedures to reduce the systematic errors. After applying all the
procedures, the standard deviation of flux density of the calibrator
was reduced by ∼ 22 per cent. As mentioned before, it is important
during the data analysis that any methods applied to the target source
must be applied to the calibrator as well. We, therefore, measured the
noise-diode scaling factor for the target source from the scale factor of
the calibrator. This procedure was done by linearly interpolating scale
factor of the target source from the scale factor of the calibrator for
the particular period of the observing epoch (MJD). Fig. 3 illustrates
the flux density of the target source PKS B1144−379 prior and after
we applied the scale factor. The scale factors for both calibrators
and target sources are less than 5 per cent. The final estimate of
the flux density for the calibrators and target source was obtained
by multiplying the data with the scale factors. Prior to undertaking
time-series analysis, the data for each source were split into ‘blocks’,
which typically have a duration of ∼14 d. The blocks generally
correspond to the periods of time for which we observed either the
southern or northern source groups. For most blocks, we have flux
density data for the calibrator and target sources at least once per
hour for the times that they were above 10 deg elevation for the
Ceduna antenna and there are no breaks in the data for any block
of more than 5 d. Any outliers in each block of data for target

Figure 3. Light curves of the target source PKS B1144−379 during year
2005. Panel A: raw observed flux density; B: final estimate of the observed
flux density of the target source; and C: measured scaling factor of the target
source.

sources were removed before performing the time-series analysis.
A previous analysis of COSMIC data used a different approach
to removing the systemic variations that involved smoothing and
resampling the data (e.g. Carter et al. 2009). Carter et al. (2009)
combined the use of discrete autocorrelation functions (ACFs) and
the related power spectral density to estimate the characteristic time-
scale of the variations. This approach was effective; however, it
does intrinsically low-pass filter the time-scale of variations. It was
therefore not possible to reliably determine if there are multiple
variability time-scales present in the data with the method of Carter
et al. (2009). In this paper, we analyse the data using a different
method and without smoothing or resampling, as we have reduced
the level of systematic variations (3 per cent) well below the level of
radio IDV observed for PKS B1144−379 that has high modulation
index of 5–18 per cent. Our method potentially allows the detection
of multiple variability time-scales present in the data, although for
this paper we define a single characteristic time-scale.

2.2 Estimating the characteristic time-scale using SFs

There are several methods that have been used to measure the
variability time-scale of radio IDV. For example, Simonetti, Cordes &
Heeschen (1985) and Dennett-Thorpe & de Bruyn (2003) use the
SF of the measured time-series to define the characteristic time-
scale, while Rickett et al. (1995) and Rickett, Kedziora-Chudczer &
Jauncey (2002) estimate the variability time-scale from the half-
width at half-maximum of the ACF, Kedziora-Chudczer et al. (1997)
used the mean peak-to-peak time, Jauncey & Macquart (2001)
adopted the peak-to-trough time and Gabányi et al. (2007b) estimated
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Interstellar scintillation of an extreme scintillator 4619

Figure 4. Light curves of the southern calibrator PKS B1934−638 (red) and target source PKS B1144−379 (black) for a 12-d observing block in October 2003.

the time-scale using three different methods: average peak-to-trough
of the light curve, SF, and the ACF. Due to the inherently stochastic
nature of the flux density variations in AGN produced by ISS, it is
difficult to define a characteristic time-scale by simply examining
the light curve (see e.g. Fig. 4). For our analysis, we chose to use
the SF of the flux density variations (the light curve) to estimate the
characteristic time-scale. Prior to calculating the SF, the amplitude of
the light curves of the calibrator and target source were normalized by
dividing all the flux densities for each source light curve by the mean
flux density of that source for the specific observing block. This
ensures that the amplitudes of the SF are related to the fractional
variation and can be directly compared for the calibrator and target
sources. The SF method was first introduced by Simonetti et al.
(1985) and further described by Spangler et al. (1989). The SF is
defined to be the average squared difference between points of a
data series, as a function of lag. The SF D(τ ) is computed in a
similar manner to the discrete correlation function (DCF) by taking
the difference between every point in the data series with every other
point. The individual differences are then sorted according to the
time between the differenced data points and binned accordingly

D(τ ) = 1

Nτ

�j,k(Sj − Sk)2, (1)

where Sj and Sk are flux density measurements and Nτ is the number
of pairs of flux densities with a time lag of τ .

The SF of a source exhibiting variation due to ISS is usually
described by a power law rising from a value of zero at zero lag
to the peak plateau level at a given lag. The amplitude of the SF
is linked to the rms difference at a given lag by twice the variance
(2σ 2). In our case, the peak amplitude of the SF of all blocks exceeds
the twice variance level (‘overshoot’) and this can potentially lead
to overestimating the variability time-scale. The upper right-hand

panel in Fig. 5 shows the SF calculated for the PKS B1144−379
light curve shown in Fig. 4. The SF in the upper right-hand panel
of Fig. 5 shows a plateau commencing at around a lag of 0.5–1 d
before an ‘overshoot’ which peaks around 2.3 d. The overshoot is
linked to quasi-periodic behaviour in the variability light curve and
is often observed for radio IDV sources (e.g. Rickett et al. 2002). To
better estimate the characteristic time-scale, instead of trying to fit
to determine the amplitude of the SF plateau, we use the theoretical
estimate of the saturation level (plateau) of twice the variance (red
line in upper right-hand panel of Fig. 5). We have used the time lag
at half of the saturation value for our estimate of the characteristic
time-scale (blue line in the upper right-hand panel of Fig. 5). The
estimated characteristic time-scale corresponds to the length of the
average peak-to-peak modulation divided by 4.

As previously mentioned the Ceduna data suffers from ∼
3 per cent systematic variations that are predominantly diurnal and
manifest as a peak at 0.5 d lag (see grey points in upper left-hand
panel of Fig. 5). Therefore, prior to estimating the characteristic
time-scale for target sources, we subtracted the SF of the calibrator
(for which we assume the variations are residual systematic gain
and diurnal variations) from the SF of target source. The resulting
SF we assume to be a ‘clean’ SF for the target source. We take
the ‘clean’ SF of the target source and performed a linear fit of the
SF data with an amplitude less than twice the variance (saturation
level). The intercept between this straight line fit and the variance
(half the saturation level), we use as our initial estimate of the
characteristic time-scale. However, because there is intrinsic scatter
in the SF the ‘final’ (best) estimate of the characteristic time-scale
and its uncertainty is obtained by calculating the Gaussian probability
distribution given by equation (2), which estimates the probability
of a particular lag τ corresponding to the point at which the SF
is equal to the light-curve variance. The bottom left-hand panel of
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4620 N. M. M. Said et al.

Figure 5. The normalized SFs of the southern calibrator PKS 1934−638 (upper left) and target source PKS B1144−379 (upper right) are shown on the same
scale for a 12 d observing block in 2003 October (see Fig. 4). In order to be able to clearly see the effect of the systematic variations in the calibrator (the grey
points in the upper left-hand panel), we show the data scaled up by a factor of 20 times. The bottom left-hand panel shows the Gaussian probability of SF target
source with its peak and FWHM correspond to the estimated characteristic time-scale (τchar) and its uncertainty (red curve represents the Gaussian fitting), and
the Quantile–Quantile plot of the Gaussian probability of SF target source is shown in the bottom right-hand panel. The horizontal red and blue lines in the SF
of target source represent the saturated value (2σ 2) and variance level.

Fig. 5 shows the Gaussian probability distribution for the SF in the
upper right-hand panel. We take the peak of the Gaussian probability
distribution to be the characteristic time-scale and its 1σ uncertainty
is computed from the full width at half-maximum (FWHM) of a
Gaussian fitted to the Gaussian probability distribution. Quantile–
quantile (Q–Q) plots (lower right-hand panel) were constructed in
order to quantify the reliability of Gaussian fitting using a Gaussian
probability distribution (Fig. 5). A Q–Q plot is another graphic
method for testing whether a data set follows a given distribution, in
which our case is the normal probability distribution. It differs from
the probability plot in that it shows observed and expected values
instead of percentages on the x-axis and y-axis. If all the scatter
points are close to the reference line, we can say that the data set
follows the given distribution:

Probability(τ ) = exp

{−(SF(τ ) − (2σ 2/2))2

2σ 2
SF(τ )

}
, (2)

where SF(τ ) is the initial characteristic time-scale and the twice
variance (2σ 2) is the saturation level of the SF.

We adopted the method of Rickett et al. (2002) to quantify the
uncertainty in the estimated SF for each lag τ using their formula:

σ (τ )ACF =
{

1 − exp

{
[−2(τ/1.2τchar)2]1.5τchar

Tobs

}}1/2

, (3)

where τchar is the estimated characteristic time-scale in question and
Tobs is the duration of the observation. This error function increases
rapidly from zero at zero lag to a saturation at the lag where the
SF reaches twice the variance. The uncertainty of the SF measured
using equation (3) assumes a Gaussian form for the ACF. The values
of the measured uncertainty were then multiplied with the values
of the measured SF in order to scale it appropriately for the SF
method. The uncertainties computed using equation (3) are not in
the form of white noise, but are correlated across adjacent time
lags. The magnitude of the uncertainty in the value of the SF for a
particular lag τ depends on the estimated characteristic time-scale,
which is in turn derived from the noisy SF (McCallum 2009). Limited
sampling of a stochastic process is the dominant contribution to
the uncertainty in the determination of the characteristic time-scale.
Generally speaking, the uncertainty decreases with the number of
independent samples of the scintillation pattern, or ‘scints’ observed
(Bignall et al. 2003).

2.3 Measurement of variability amplitude

Limited sampling is also the dominant source of uncertainty in
determining the amplitude of variability. One measure of flux density
variability in a light curve is the modulation index and this has
been used by various authors to characterize AGN variability (e.g.
Rickett et al. 2001; Carter et al. 2009; Marchili et al. 2012). The
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Interstellar scintillation of an extreme scintillator 4621

modulation index, m = σS/S̄, is defined as the rms variation σS

normalized by the average flux density of the source S̄. Although
the modulation index has the advantage of being non-negative
and more robust against outliers, it still consists of a convolution
of intrinsic source variation and observational uncertainties. The
large modulation index could be an indication of either a strongly
variable source or a faint source with high uncertainties in the
measurement of individual flux density. Due to this effect, the
accurate measurement of modulation index requires one to take
into account the measurement errors and the uncertainty in the
modulation index caused by the finite number of flux density
measurements. To examine the accuracy of our measurement of
modulation index, we decided to measure the intrinsic modula-
tion index, m̄ = σo/S̄o, which is the intrinsic rms variation σo

normalized by the intrinsic average flux density of the source S̄o.
This method was introduced by Richards et al. (2011), where they
used a likelihood analysis to obtain the intrinsic modulation index
as well as its uncertainty. The term ‘intrinsic’ is used to denote
flux densities and variations as would be observed with a perfectly
uniform sampling of adequate cadence and zero observational error.
Thus, m̄ is a measure of the true amplitude of variations in the
source, rather than a convolution of true variability, observational
uncertainties, and effects of finite sampling. Observational uncer-
tainties and finite sampling will affect the accuracy of measurement
of m̄. Here, we decided to use the measured modulation index,
since the percentage difference between the modulation index
(m) and the intrinsic modulation index (m̄) only ranged between
1 per cent and 17 per cent. The modulation index for the target
source varied between 5 per cent and 18 per cent and its uncer-
tainty was taken from the uncertainty of the intrinsic modulation
index.

2.4 Reliability of the SFs through Monte Carlo simulations

An investigation of the reliability of Gaussian fitting to the Gaussian
probability distribution of the target source SF was performed
through Monte Carlo simulations. In this simulation, the initial model
was a simple sinusoid with mean flux density of 10 Jy, a modulation
amplitude of 3 Jy, a period of 0.16 d (equivalent to Tperiod/4), a
light-curve duration of 3.5 d and constant Gaussian white noise of
amplitude 1 Jy. The light-curve duration of 3.5 d was chosen, as it
represents the period of first quarter of each observation block of
the target source (∼14 d) where the first ‘scints’ can be observed.
We adopted the first ‘scints’ in estimating the variability time-scale
to reduce the uncertainties due to less sampling. The average power
of the signal (Ps = amplitude2/2) and average power of uniform
white noise (Pn = amplitude2/

√
3) were 4.5 and 0.6, respectively,

and the measured SNR (signal to noise ratio) of the signal is 8
(SNR = 10. log10 {(Ps − Pn)/Pn}) (Sijbers et al. 1996). In order to
examine how changes in data sampling frequency affect the light
curves on the SF pattern, the peak of Gaussian fitting and the
value of its FWHM (assumed as the uncertainty of the estimated
characteristic time-scale), five simulated data sets of light curves
were created. These simulated light curves consisted of 991, 772,
496, 234 and 178 data points and had the same amplitude of Gaussian
white noise and modulation period. The selected values represent
the range of our observed data in each observation block of the
target source. We then measured the SF for each of the simulated
light curves and estimated the characteristic time-scale as well as
its uncertainty from the Gaussian fitting of the Gaussian probability

distribution. Gaussian fitting of the Gaussian probability distribution
was undertaken 1000 times through Monte Carlo simulations. Fig. 6
shows five of these simulated light curves, the measured SF and
the Gaussian fitting of the Gaussian probability distribution. We
measured the peak of Gaussian fitting for each simulated light
curves data to be 0.16, 0.17, 0.17, 0.22, and 0.24 d, for the light
curves with 991, 772, 496, 234, and 178 data points, respectively.
The uncertainties were 0.03 d for simulated light curves with 496
or more points and 0.02 for simulated light curves with 234 or
178 points. Our results suggest that a lack of data points located
at the peaks and troughs of a light curve significantly changes
the SF pattern, increasing the estimated characteristic time-scale
and decreasing its uncertainty by up to 30 per cent. Most of the
light curves from the Ceduna data set were similar in appearance
to the 496 point simulated data sets; relatively well sampled but
lacking some data at light curve peaks and troughs. This implies
that the estimated characteristic time-scale of Ceduna data sets are
likely to be slightly overestimated compared to a fully sampled light
curve.

3 A N N UA L C Y C L E I N T H E VA R I A B I L I T Y
TIME-SCALES

In this section, we define the annual modulation models, for isotropic
and anisotropic scintillation patterns, we adopted in determining the
annual cycle in the variability time-scales. The annual modulation
of radio IDV time-scales can be explained as the relative motion of
the Earth with respect to the scattering medium. This relative motion
is comprised of three different velocities; the Earth’s orbital motion
around the Sun, the Sun’s motion with respect to the local standard of
rest (LSR) and the velocity of the scattering medium with respect to
the LSR. The proper motion of the extragalactic sources is neglected
(�1 km s−1). If the peculiar velocity of the scattering medium is
comparable to the Earth’s orbital velocity (∼ 30 km s−1), then for part
of the year, the velocity vectors are close to parallel, and 6 months
later antiparallel. When parallel, the apparent scattering medium
velocity is low as seen from the Earth (longer characteristic time-
scale), and when antiparallel, the relative velocity is high (shorter
characteristic time-scale) (Jauncey & Macquart 2001).

3.1 Isotropic model

Temporal variations in the flux density are caused by the relative
transverse velocity of the scintillation pattern and the observer, V rel.
For an isotropic scattering medium, the characteristic time-scale that
is observed [as a function of day of year (DOY)] is determined by
Vrel and the characteristic spatial scale of the ISS pattern, so:

tchar(DOY) = so

Vrel(DOY)
, (4)

where Vrel has components in both right ascension, Vα , and decli-
nation, Vδ . This model function was defined using the approach of
Carter (2008), who gives a thorough explanation of the geometries.
In rectangular equatorial coordinates, a source with right ascension
α and declination δ can be located with the position vector [for
PKS B1144−379: right ascension (α = 11h47m01.s4) and declination
(δ = −38◦12

′
11

′′
)], êsource, where

êsource =
⎧⎨
⎩

cos δ cos α

cos δ sin α

sin δ

⎫⎬
⎭ . (5)

MNRAS 498, 4615–4634 (2020)

hwerkman
Sticky Note
None set by hwerkman

hwerkman
Sticky Note
MigrationNone set by hwerkman

hwerkman
Sticky Note
Unmarked set by hwerkman



4622 N. M. M. Said et al.

Figure 6. Investigation of the reliability of Gaussian fitting to the Gaussian probability distribution of SF target source conducted using Monte Carlo simulations.
1000 iterations were performed using five data sets of light curves that contained 991, 772, 496, 234, and 178 data points (from top to bottom panels). The
red and blue lines in the normalized SF plots represent the saturated (2σ 2) and variance values, respectively. In this simulation, the initial model was a simple
sinusoid with mean flux density of 10 Jy, a modulation amplitude of 3 Jy, a period of 0.16 d (equivalent to Tperiod/4), a light-curve duration of 3.5 d, and constant
Gaussian white noise of amplitude 1 Jy.
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Interstellar scintillation of an extreme scintillator 4623

Figure 7. Dependence of the characteristic time-scale as a function of day
of year for PKS B1144−379, assuming an isotropic scattering screen with
a variable velocity offset compared to the LSR. The top panel shows the
predicted annual cycle fitting if the right ascension component of relative
transverse velocity of the scintillation pattern and the observer (Vrel) is
increased and decreased by 20 km s−1 (with Vδ = 0 km s−1), while the
bottom panel shows the effect of varying the declination component with the
same values (with Vα = 0 km s−1). There is an apparent shift in the time
of the year, where the longest characteristic time-scales are observed in each
case.

The relative transverse velocity, Vrel, has components that are both
parallel and perpendicular to the equatorial plane, Vα and Vδ . These
components are in the directions êα and êδ , respectively, where

êα =
⎧⎨
⎩

− sin α

cos α

0

⎫⎬
⎭ êδ =

⎧⎨
⎩

− cos α sin δ

− sin δ sin δ

cos δ

⎫⎬
⎭ . (6)

The relative velocity of the Earth and the scattering screen in the
ISM, VEarth-ISM depends on the relative velocities of the Earth and the
Sun, VEarth-Sun (a function of the DOY due to the orbital motion of
the Earth), as well as the Sun and the LSR VSun-LSR:

VEarth-ISM(DOY) = VEarth-Sun(DOY) + VSun-LSR − (Vα êα + Vδ êδ).(7)

When projected on to the plane perpendicular to the line of sight,
equation (7) gives the transverse relative velocity of the scintillation
pattern:

Vrel(DOY) = êsource × (VEarth-ISM(DOY) × êsource). (8)

The predicted annual cycle depends on the coordinates of the
source (êsource). Fig. 7 shows the predicted time-scale as a function of
DOY for PKS B1144−379, assuming an isotropic scattering screen
with a variable velocity offset compared to the LSR. For a scattering
screen moving with the LSR, the relative transverse velocity drops
to almost zero near DOY 210, which result in a rapid increase in
variability time-scale (a near ‘stand-still’ in the variations) around
that time of the year. There are three fitted parameters obtained from
the isotropic annual cycle model; the characteristic spatial scale of the
phase variations on the scattering screen (so) and both components
of relative transverse velocity of the scintillation pattern and the
observer (Vα and Vδ). A non-linear least squares fit that assumed an
isotropic (but non-stationary compared to the LSR) scattering screen
was performed. We then implemented the Levenberg–Marquadt
technique for non-linear least squares regression. Initially, each
variability time-scale data point was weighted with the inverse of
the corresponding estimated uncertainty. However, as explained in
Section 4, we also fit the data with uniform weighting for each data
point. The χ2 values were calculated to quantify the accuracy of the

Figure 8. Dependence of characteristic time-scale as a function of day of
year for PKS B1144−379, assuming an anisotropic scattering pattern (with
Vα and Vδ are equal to 5 km s−1). The green dashed and red dotted lines
represent the cases for an ellipse with an axial ratio of 2, where the major
and minor axes, respectively, are aligned with the velocity of the scintillation
pattern. For comparison, the isotropic scattering screen is shown in a blue
solid line.

model using the equations:

χ2 =
∑

N

(fi − yi)2

σ 2
, (9)

χ2
Red = χ2

N − m
. (10)

We take the square of the difference between the time-scale
estimate, yi, and the expected time-scale according to the model,
fi, scaled by the uncertainty in the measured time-scale, σi, for all
N time-scale estimates. The reduced chi-squared value, χ2

Red, takes
into account the number of degrees of freedom (here m is the number
of free parameters in the model). For the isotropic scattering screen
case, m = 3.

3.2 Anisotropic model

Next, an anisotropic model of the scattering screen in the ISM was
considered. An anisotropic interference pattern is assumed to be in
the form of ellipse with axial ratio R, and its major axis inclined
at angle β to the direction of the relative transverse velocity (Carter
2008). Fig. 8 shows the predicted time-scale as a function of DOY for
PKS B1144−379, assuming an anisotropic scattering screen with a
variable velocity offset compared to the LSR. Similar to the isotropic
model, the anisotropic model also predicts a sudden increase in the
variability time-scale around DOY of 200. The predicted time-scale
as a function of the DOY is

tchar(DOY) = so

√
R√

V2
rel(DOY) + (R2 − 1)(V̄rel(DOY) × Ŝ)2

, (11)

where Ŝ = (cos β, sin β) and V̄rel = (V‖, V⊥). V� and V⊥ are the
parallel and perpendicular components of Vrel (relative transverse
velocity of the scintillation pattern and the observer) to the equatorial
plane. For the isotropic case where R = 1 and β = 0, equation (11)
becomes tchar = so/Vrel. There are five fitted parameters obtained
from the anisotropic annual cycle model; the characteristic spatial
scale of the phase variations on the scattering screen (so), both
components of relative transverse velocity of the scintillation pattern
and the observer (Vα and Vδ), the axial ratio (R) and orientation angle
(β). Due to two additional parameters R and β in the anisotropic
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4624 N. M. M. Said et al.

Figure 9. Investigation of the effect of data points distribution on isotropic (left-hand panel) and anisotropic annual cycle fitting (right-hand panel) conducted
using 1000 iterations of Monte Carlo simulations. The simulated characteristic time-scales were randomly varied by a constant amount for each simulation.
The amplitude of the variations was between ± 0.1 and 0.5 d, in 0.1 d steps. The estimate of the slowest period in the isotropic annual cycle varied between
DOY 191–212 and the ‘true’ DOY for the longest time-scale of simulated isotropic model was DOY of 200. Whereas the estimate of the slowest period in the
anisotropic annual cycle varied between DOY 234–244, compared to the ‘true’ one which was DOY of 248.

model, the χ2
Red value is calculated with m = 5. To estimate

the uncertainty in the fitted parameters, we used the Levenberg–
Marquadt algorithm, which involves estimation of the (N × m)
Jacobian matrix, J, where

Jij = ∂f (xi, p)

∂pj
(12)

and p is a vector of length m containing each parameter estimate. For
this method, the uncertainty in the final estimates is defined as

σp =
√

trace(χ2
Red[JT WJ]−1), (13)

where W is a diagonal matrix consisting of the weights of each
data point, which were initially set to the inverse magnitude of the
corresponding uncertainties, and later set to be uniform (unweighted
fitting, as discussed in Section 4).

3.3 Reliability of the annual cycle fitting

Several tests to examine the reliability of the annual cycle fitting
for both isotropic and anisotropic models were also performed using
Monte Carlo simulations. The first test was to examine the effect of
the distribution of data points on the annual cycle fitting (variations
of the characteristic time-scales). In this simulation, we sampled an
annual cycle curve at 55, evenly spaced, points over the year. The
characteristic time-scales ranged from 0.01 to 1.60 d. The longest
time-scales were around DOY of 200 and 248 for isotropic and
anisotropic fitting models. We then added noise to the sampled
characteristic time-scales. For each simulation, the amplitude of the
random noise was fixed at a value which was varied between ±0.1 and
0.5 d in steps of 0.1 d. Average annual cycle fittings were determined
through 1000 iterations of Monte Carlo simulations for each noise
amplitude. Fig. 9 shows the average annual cycle fittings for both
isotropic and anisotropic models. We found that for both isotropic
and anisotropic annual cycle models, the estimate of the slowest
period in the annual cycle was in error by 6 per cent. However,
the anisotropic annual cycle model, with more free parameters, was
much more susceptible to the noise in the characteristic time-scale
estimates for random noise more than 0.5 d. These results indicate
that the uncertainty in the characteristic time-scale estimates plays
a major role in the accuracy of the annual cycle fitting. We also
investigated how the accuracy of the annual cycle fitting depended

on the number of characteristic time-scale measurements. Five sets
of data of the characteristic time-scale measurements with constant
values of uncertainties were created (Fig. 10). We then determined
the average annual cycle fitting for each of the data set through 1000
iterations of Monte Carlo simulations. Fig. 10 illustrates the average
annual cycle fitting for both isotropic and anisotropic models for all
five simulated data sets. For the isotropic model, the annual cycle fits
were very similar and the estimate of the slowest period of the annual
cycle was only 4 per cent off as the number of time-scale estimates
was decreased. On the other hand, the anisotropic model showed
much greater sensitivity, with the annual cycle fittings changing
remarkably. The estimated slowest period of the annual cycle had
a 19 per cent error, as we reduced the time-scale values. Our results
suggest that in order to accurately fit the annual cycle, at least
20 independent measurements of characteristic time-scale covering
the slowdown period are required. Estimation of fitted parameters
from the annual cycle fitting can be improved by more continuous
monitoring.

4 RESULTS

In this section, we will discuss the results of annual cycle fitting and
the source-intrinsic variability of PKS B1144−379.

4.1 Annual cycle fitting

In Table 1, we summarize results of the observations of
PKS B1144−379 taken as part of the COSMIC observing project
between 2003 and 2011. The mean flux density of PKS B1144−379
at 6.7 GHz over the period 2003–2011 was found to vary by a
factor of 4. The long-term monitoring of the flux density of this
source shows that there were two flares, which commenced in 2005
November and 2008 August. Further investigation of the long-term
variability and high-resolution imaging is part of a future publication.
The characteristic time-scale of the source (equivalent to Tperiod/4)
was measured to vary from 0.22 to 3.37 d, with the longest time-
scale occurring during the first flare (2005 November). We found the
modulation index of PKS B1144−379 ranged from 5 to 18 per cent.

Fig. 11 shows the variability time-scale versus day of the year of
PKS B1144−379 from 2003 to 2011 fitted with both isotropic and
anisotropic annual cycle models. We also performed a comparison
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Interstellar scintillation of an extreme scintillator 4625

Figure 10. Investigation of the effect of the number of data points on the accuracy of the isotropic and anisotropic annual cycle fitting conducted using 1000
iterations of Monte Carlo simulations. Five data sets containing 365, 182, 90, 45, and 20 characteristic time-scale estimates with constant values of uncertainties
were created. For the isotropic model, the annual cycle fits were very similar and the estimate of the slowest period of the annual cycle varied slightly from DOY
192 to 201, as the number of time-scale estimates was decreased. As for the anisotropic model, it showed much greater sensitivity, with the annual cycle fittings
changed remarkably with estimate of the slowest period of the annual cycle varying in the range DOY 200–252. The ‘true’ DOY for the longest time-scale of
these simulated isotropic and anisotropic models were DOY of 193 and 248, respectively.

Table 1. Characteristic time-scales (tchar = Tperiod/4) of PKS B1144−379 for year 2003 (the full table of characteristic
time-scale for the period 2003–2011 is available as online supplementary material). Column 1 gives the observation
year, column 2 is the day of year at the mid-point of the observing session, column 3 is the duration of the session,
divided by two, which we use to plot the time range used for each time-scale estimate, columns 4 and 5 are the
measured characteristic time-scale and its uncertainty, columns 6 and 7 are the observed mean flux density and its
uncertainty, columns 8 and 9 are the modulation index and its uncertainty. For each period of observations of length
Tobs, the uncertainty of observations (as a function of day of year) is given by the median date (δDOY = Tobs/2). The
measurements of the characteristic time-scales (tchar), modulation index (m), and its uncertainties were defined in Section
2.2.

Year DOY δ DOY tchar (d) δ tchar (d) S̄ (Jy) δ S̄ (Jy) m (per cent) δ m (per cent)

2003 99 5 1.30 0.35 2.05 0.16 7.60 0.70
124 10 1.00 0.22 2.03 0.22 10.90 1.00
144 3 0.50 0.03 2.06 0.12 5.70 0.20
164 5 0.54 0.10 1.99 0.16 8.00 0.70
198 5 0.47 0.10 2.10 0.17 7.80 0.70

Figure 11. Annual cycle fits of isotropic and anisotropic models for PKS B1144−379 for year 2003 (the remaining panels for the period 2003–2011 are
available as online supplementary material). Plotted in green is the unweighted annual cycle fits. Due to the limited data in 2011, only an isotropic annual cycle
model can be fitted. Data taken from the COSMIC observing project.

between weighted and unweighted fitting. The annual cycle in the
variability time-scale was found to be more prominent when the
fitting does not take into account the estimated uncertainties. The
estimated uncertainty in the time-scale depends on the duration of
the observing session compared to the characteristic time-scale. The
majority of our observing sessions were 10–15 d in duration, so

the result is that the sessions corresponding to longer characteristic
time-scales (slowdown periods) have larger estimated uncertainties

and hence have lesser weight in the weighting fitting process (i.e.
the fit is down-weighting the slowdown period). Our Monte Carlo
simulation shows that the slowdown periods are most important to
constrain the parameters of the annual cycle as the absence of these
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4626 N. M. M. Said et al.

Figure 12. Annual cycle fits of isotropic and anisotropic models for PKS B1144−379. Plotted in green is the unweighted annual cycle fittings. Data points from
3 yr observations were combined and plotted in order to verify the detection of the annual cycle (the remaining panels for the period 2003–2011 are available as
online supplementary material). Data taken from the COSMIC observing project.

Table 2. Fitted parameters of PKS B1144−379 for both unweighted isotropic and anisotropic annual cycle models (the full table of fitted parameters for the
period 2003–2011 is available as Online supplementary material). Column 1 gives the label of the annual cycle model, columns 2 and 3 are the observing year
and length scale of scintillation pattern (so), columns 4 and 5 are the RA (Vα) and Dec. (Vδ) components of the relative transverse velocity of the scattering
screen and the observer, columns 6 and 7 are the axial ratio R and orientation angle β, and columns 8 and 9 are the position angle of the anisotropy scattering
screen and reduced χ2. For both cases of isotropic and anisotropic annual cycle models, it implies that the scattering screen in the ISM has a high velocity
offset compared to LSR. This is consistent with our expectations as the observed characteristic time-scales are contrast with the predicted models that contribute
to high values of reduced χ2. For some of the observing years, R has gone to zero (or infinity) and both components of the relative transverse velocity of the
scintillation pattern and the observer (Vα and Vδ) blows out to unrealistic values. The fitted parameters are poorly constrained due to the evolution of the target
source. Date taken from COSMIC project observed from 2003 through 2011.

Model Year so Vα Vδ R β PA χ2

(106 km s−1) (km s−1) (km s−1) (rad) (deg)

Isotropic 2003 3.10 ± 2.22 43.50 ± 28.12 27.26 ± 25.31 1.84
Anisotropic 3.00 ± 4.80 56.74 ± 126.98 −2.11 ± 91.85 0.26 ± 0.69 0.97 ± 0.32 34.40 1.14
Isotropic 2004 1.96 ± 0.42 35.94 ± 2.84 −2.42 ± 3.09 4.91
Anisotropic 2.69 ± 1.10 38.53 ± 32.41 −4.33 ± 25.66 0.25 ± 0.27 0.91 ± 0.14 37.93 4.84
Isotropic 2005 13.55 ± 21.44 116.88 ± 192.73 76.39 ± 138.50 7.54
Anisotropic 28.10 ± 1276.00 2204.84 ± 199330.83 −1980.06 ± 181981.62 0.001 ± 0.10 0.83 ± 0.06 42.37 5.76

crucial data points increases the fitted value for the spatial scale of the
screen by a factor of 6, inflating the Vα , Vδ , and R to unrealistic values
and decreases the β by a factor of 2. Therefore, in this paper, we chose
to determine the fitted parameters from the unweighted annual cycle
fitting. Although for some years there are fewer data points than
for others, the plots show consistent peaks of longer characteristic
time-scales (slow scintillation) around DOY 50–100 and 300–350.
Shorter time-scales (fast scintillation) are observed between DOY
150 and 250. These patterns are seen also by combining the data
in 3 yr groupings and combining the entire 9 yr of observations
(Fig. 12). The persistent detection of an annual modulation pattern
is a strong evidence that ISS is the cause of the IDV observed in
PKS B1144−379.

The observed pattern in the time-scale for PKS B1144−379 is
quite different to those shown in Figs 7 and 8 for isotropic and
anisotropic scintillation models with screens moving at velocities
close to the local standard of rest (Section 3). Those models predict
‘slow scintillation’ to be observed around DOY 210. In contrast, the
observed variability time-scales were found to be shortest during
this particular period. We have examined the reduced χ2 values for
both the isotropic and anisotropic models for each of the years. The
reduced χ2 values for the isotropic fit vary by a factor of 4 (excluding
2009 and 2011, where we have insufficient sampling of the change
in characteristic time-scale over the year to obtain a meaningful fit).
For the anisotropic fit the reduced χ2 varies by a factor of 6. For

most years, both the isotropic and anisotropic fits have reduced χ2

greater than 2, demonstrating that the model does not fit the data
particularly well. The most likely reason for the relatively poor fit
of the annual cycle models is that the source structure evolves over
the year as indicated by changes in both source flux density and
structure index (Shabala et al. 2014). Further evidence for this is
that the highest reduced χ2 values are seen for 2005 and 2008, the
two years corresponding to the outbursts. It should be noted that the
longest time-scale observed over the 9 yr covered in the current work
coincides with the start of the 2005 November flare. At this point,
the modulation index is large in addition to the time-scale being
long. This particular one period might be just an anomalously large
‘scintle’ (large and slow modulation) due to the stochastic nature of
the scattering. Another possibility is that the scintillating component
has both significantly brightened (compact fraction is large, hence
large modulation) and expanded (longer time-scale).

In Table 2, we summarize results of the fitted parameters for both
isotropic and anisotropic annual cycle models for PKS B1144−379.
We list the fitted parameters for each year from 2003 through 2011,
inclusive. As previously mentioned, due to the larger formal un-
certainty when the source exhibits longer characteristic time-scales,
we chose to determine the fitted parameters from the unweighted
annual cycle fitting. For the year 2011, the anisotropic model could
not be fitted due to insufficient data. For some years, the fitted
parameters are not at all well constrained (larger by a factor of
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Interstellar scintillation of an extreme scintillator 4627

Figure 13. Unweighted annual cycle fittings of isotropic and anisotropic models for PKS B1144−379 for year 2003 (the remaining panels for the period
2003–2011 are available as Online supplementary material). The Vα and Vδ were fixed to be 30 and 7.7 km s−1, respectively, based on 2006–2007 data. Data
taken from the COSMIC observing project.

Figure 14. Unweighted annual cycle fitting of isotropic and anisotropic models for PKS B1144−379. Data points from 3 yr observations were combined and
plotted in order to verify the detection of the annual cycle (the remaining panels for the period 2003–2011 are available as Online supplementary material) Vα

and Vδ were fixed to be 30 and 7.7 km s−1, respectively, based on 2006–2007 data. Data taken from the COSMIC observing project.

>>100), whereas for other years (2006 and 2007) they appear to be
reasonably well constrained (by a factor of 3). The large range of
fitted parameters is due to some unrepresentative outliers and small
amount of data points. We also found that for some observing years
(2005 and 2010), the screen velocity has unrealistic values and the R
has gone to zero (or infinity), demonstrating that the fitted parameters
were not well constrained, likely due to intrinsic source evolution
which is entangled with the ISS. Both these periods coincide with
new flares that are likely to correspond to ejection of new plasma
components. The emergence of new components during the source
evolution leads to lengthening of the characteristic time-scales. This
will cause ambiguity in the fitted parameters as the shape of the
slowdown period is critical in determining the ISM velocity and
anisotropy in the scintillation pattern (Bignall et al. 2003). The lower
reduced χ2 for the anisotropic models shows that it is able to provide
a better fit to the data.

We investigated the effect of fixing some of the model parameters,
as for some of the years the fitted values for the screen velocity and
the axial ratio R of the scattering screen produce unrealistic values.
We chose to fix Vα and Vδ to be 30 and 7.7 km s−1, respectively.
These values come from the fitted parameters of observing year 2006
and 2007 where they appear to be reasonably well constrained. A
persistent slowdown period near DOY 50 and towards the end of the
year (Figs 11 and 12) is a strong indication that there is a repeat-
ing annual cycle in the variability time-scale of PKS B1144−379.
Therefore, it seems reasonable to assume that the velocity and other

properties of the scattering screen remain unchanged over the entire
observing period. Fig. 13 shows the variability time-scales versus
day of the year for PKS B1144−379 from 2003 through 2011 fitted
with fix values of Vα (30 km s−1) and Vδ (7.7 km s−1). Fig. 14
displays plots of the variability time-scale combining data in 3 yr
groups and for the entire 9 yr of observations. Both Figs 13 and 14
show the unweighted annual cycle fittings. Overall, we observed an
improvement in the annual cycle fitting as the optimum fittings now
pass through almost all the data points, especially at the peak of ‘slow-
scintillation’. The fitted parameter values were also found to be better
constrained. In Table 3, we summarize results of the fitted parameters
for both unweighted isotropic and anisotropic annual cycle models of
PKS B1144−379, with the screen velocity fixed. Overall, the fitted
parameters appear to be reasonably well constrained. The 2011 data
can now be fitted with the anisotropic annual cycle model, as we only
have three parameters that are allowed to freely vary (so, R, and β).

4.2 Source-intrinsic variability

To investigate whether there are correlations between the radio IDV
and long-term variations in the total flux density, we plotted the
temporal changes in the mean flux density, modulation index and
characteristic time-scales (tchar) against time (Fig. 15). No correlation
was found between the mean flux density and the modulation index
as well as the mean flux density and the characteristic time-scale.
Fig. 16 shows the rms of the flux density and the mean flux density
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4628 N. M. M. Said et al.

Table 3. Fitted parameters of PKS B1144−379 for both isotropic and anisotropic annual cycle models (the full table of fitted
parameters for the period 2003–2011 is available as Online supplementary material). The fitted parameters were well constrained
when we fixed the values of both velocities component of scattering screen Vα and Vδ to be 30 and 7.7 km s−1, respectively,
based on 2006–2007 data. Data taken from the COSMIC project observed from 2003 through 2011.

Model Year so Vα Vδ R β PA χ2

(106 km s−1) (km s−1) (km s−1) (rad) (deg)

Isotropic 2003 1.84 ± 0.22 30 7.7 5.80
Anisotropic 1.86 ± 0.09 30 7.7 0.36 ± 0.06 0.97 ± 0.05 34.42 0.94
Isotropic 2004 2.12 ± 0.45 30 7.7 8.43
Anisotropic 2.22 ± 0.33 30 7.7 0.25 ± 0.12 0.89 ± 0.12 30 7.49
Isotropic 2005 1.88 ± 0.42 30 7.7 9.68
Anisotropic 2.43 ± 0.48 30 7.7 0.27 ± 0.13 1.07 ± 0.16 28.69 8.43

Figure 15. Long-term monitoring of variations in the flux density of
PKS B1144−379 between 2003 and 2011. Each panel illustrates (top to
bottom) characteristic time-scale (tchar), modulation index ( per cent), and
mean flux density.

on the same temporal scale and a clear correlation with correlation
coefficient of 0.7 between the two is evident (refer to Fig. 17). This
demonstrates that the amplitude of the radio IDV phenomenon is
larger when the mean flux density is high and hence that the radio IDV
is entangled with the temporal evolution of the source. Higher values
of the modulation index imply that the source becomes more compact
and scintillates more, or that the fraction of the flux density in the
compact component increases. Our results are in good agreement
with Carter et al. (2009). They reported a loose correlation between
the mean flux density and modulation index for PKS B1519 − 263
which led them to suggest a significant fraction of the change in
the source mean flux density was due to evolution of the compact
scintillating core. Bignall et al. (2003) reported a large increase in the
RMS variations is expected if the increase in the total flux density is

Figure 16. Long-term monitoring of variations of flux density for
PKS B1144−379 between 2003 and 2011. Top and bottom panels show the
rms and mean flux density, respectively.

due to an increase in the flux density of the scintillating component. In
addition, if the scintillating component expands, this will manifest
as an increase in the characteristic time-scale, which can also be
detected (Liu et al. 2012).

The long-term variations in the mean flux density of
PKS B1144−379 are most likely due to intrinsic source evolution.
The amplitude of the short time-scale variability due to ISS de-
pends on the fraction of the source flux density in the scintillating
components, the angular size of the source, the observed frequency,
and the ratio of the observed frequency to the transition frequency
between weak and strong scattering (Walker 1998). PKS B1144−379
is located at Galactic coordinates of 289.24◦ (longitude), 22.95◦

(latitude), and redshift z = 1.048 (Kedziora-Chudczer et al. 1997,
2001b). For this line of sight, the transition frequency (νo) estimated
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Interstellar scintillation of an extreme scintillator 4629

Figure 17. Linear correlation between the rms and the mean flux density
of PKS B1144−379. The correlation coefficient between these two variables
was measured to be 0.7.

by the Cordes & Lazio (2001) model of the Galactic electron
distribution is 14.4 GHz. Thus, the Ceduna 6.7 GHz observing
frequency is expected to be in the refractive scattering regime (ν
< νo) (Turner et al. 2012).

In this paper, we adopted two techniques to determine the physical
characteristics of the source; the ‘Earth Orbital Synthesis’ approach
that utilizes the fitted parameters from annual cycle fitting (Mac-
quart & Jauncey 2002) and a simple model of an extragalactic point
source introduced by Walker (1998). Modelling using ‘Earth Orbital
Synthesis’ allows us to estimate the source angular size from the
fitted minor axis length scale (i.e. amin = Lθs, where L is the distance
of the scattering screen in kpc and θs is the source angular size
in microarcsecond). We consider this relationship as we assumed
that the source size is ‘resolved’ by the ISM and it determines the
minor axis length scale as changes of both the minor axis length
scale and the modulation index appear to be related to the total flux
density changes. Therefore, we would expect that the source is most
of the time larger than the Fresnel scale regardless of the scattering
strength, and larger than refractive scale if we are in strong scattering.
Walker (1998) give the scaling of point source modulation index in
the regime of refractive scintillation as

mp = ξ−1/3 =
(

ν

νo

)17/30

, (14)

where mp is the modulation index of a point source (i.e. the rms
fractional flux variation), ξ is the scattering strength, νo is the
transition frequency, and ν is the observing frequency in GHz.
Assuming νo = 14.4 GHz as above, the modulation index of a point
source and the scattering strength at 6.7 GHz would be expected
to be 0.65 and 3.67, respectively. Determination of the refractive
angular scale (θr) and the size of the first Fresnel zone (θF) given in
microarcsecond can be expressed in the equation (15):

θr = θro

(
ν

νo

)−11/5

= θFξ, (15)

where the refractive angular scale at the transition frequency (θro) for
the Galactic coordinates of interest = 2.3 μas (Walker 2001). The
refractive angular scale and the size of the first Fresnel zone at ν =
6.7 GHz are then 12.38 and 3.37 μas, respectively. We then estimated
the upper limit of the screen distance as θF = 8/

√
Lν, where θF is the

size of the first Fresnel zone in microarcsecond, L is the distance of
scattering screen in kpc, and ν is the observing frequency in GHz. We

Table 4. Scintillation parameters and physical properties of
PKS B1144−379 for 2003–2011. Column 1 gives the distance of
scattering screen, column 2 gives the size of first Fresnel zone, column 3
gives the source angular size estimated from the annual cycle fitting with
fixed velocity, column 4 gives the scattering strength, column 5 gives the
brightness temperature, and column 6 gives the Doppler factor.

L (kpc) θF (μas) θs (μas) ξ TB (1014 K) δ

0.84 3.37 5.65–15.90 1.68 0.95–2.74 600
0.50 4.37 9.49–26.73 2.17 0.34–0.97 253
0.10 9.78 47.45–133.66 4.85 0.013–0.039 17

estimated the upper limit of the screen distance of PKS B1144−379
to be 0.84 kpc.

Several possibilities of the screen distance (L) and strength of
the scattering screen (ξ ) were considered (refer to Table 4). In our
annual cycle fitting, the minor axis scale of the scintillation pattern
(amin = so

√
R, where so is the characteristic spatial scale of the ISS

pattern in km and R is the axial ratio) ranged from 0.48–1.95 (×
106 km). If instead we use amin taken from the modelling with the
velocities of the screen fixed to be Vα = 30 km s−1 and Vδ = 7.7 km
s−1, the amin was found to range from 0.71–2.00 (× 106 km). For
better constraint of fitted parameters, here we only considered the
amin measured from the fixed velocity fits. If the scattering screen
is at 0.84 kpc, the Fresnel scale is 3.37 μas, which is only slightly
smaller than the smallest angular size from the annual cycle fitting (θs

= 5.65–15.90 μas). Assuming the source angular size corresponds
to the refractive scale and the equation is valid close to the transition
frequency, the scattering strength would be 1.68. This would suggest
that the scattering is not very strong if the screen is at 0.84 kpc
or beyond it. If we move the screen closer, at 500 pc, we have
the smallest angular size of 9.49 μas (θs = 9.49–26.73 μas) and the
Fresnel scale would be 4.37 μas, while the scattering strength is 2.17.
At screen distance of 100 pc, the smallest angular size is expected
to be 47.45 μas (θs = 47.45–133.66 μas), the Fresnel scale and the
scattering strength would be 9.78 μas and 4.85, respectively. The
screen distance is not well constrained, but a closer screen implies
a lower source brightness temperature. We assumed that the screen
distance is probably closer than 0.84 kpc or otherwise the scattering
strength will be less than 1.68 that seems to be a lot weaker. On the
other hand, if the screen distance is closer than 100 pc, this would
imply a very strong scattering (>4.85) in a very nearby screen which
is also not expected and the compact fraction of the source would
possibly be higher than what we infer from the VLBI data. Variations
of time-scales longer than a day for PKS B1144−379 also indicate
that more distant screen (>100 pc) is expected as measured by Turner
et al. (2012). In addition, a handful of rapid IDV sources scintillating
through nearby screens have been argued to be scintillating in
weak scattering at frequencies as high as 6.7 GHz (e.g. Kedziora-
Chudczer et al. 1997). For PKS B1144−379, the long time-scale of
variation and the annual cycle fit constrains the characteristic length
scale of the scintillation pattern to > 106 km. For the more rapid
scintillators that have had an annual cycle measured (PKS 1257−326
and J1819+3845), the scintillation pattern scale is more than the
order of magnitude smaller and the scattering screen is inferred to
be within tens of parsec. If PKS B1144−379 is scintillating through
such a nearby screen, the scintillation pattern scale must be much
larger than the Fresnel scale, implying either the source angular size
is much larger or the scattering is very strong (leading to a larger
refractive length scale). Such strong scattering on the nearby screen
is not expected (or at least would have been unprecedented). Fig. 18
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4630 N. M. M. Said et al.

Figure 18. Source angular size estimated using the fitted parameters of the
annual cycle model when we fixed the values of both velocities component
of scattering screen, Vα (30 km s−1) and Vδ (7.7 km s−1), between 2003
and 2011. We used 0.84 kpc, the upper limit screen distance to measure the
source angular size.

Figure 19. Comparison between compact fraction fc (top panel) and
averaged modulation index of PKS B1144−379 (bottom panel) between 2003
and 2011.

shows the source angular size estimated using the fitted parameters
of the annual cycle model when we constrained the values of both
velocities component of scattering screen, Vα (30 km s−1) and Vδ

(7.7 km s−1) for the years 2003–2011. Here, we used 0.84 kpc, the
upper limit screen distance to measure the source angular size. The
source angular size of PKS B1144−379 determined using the ‘Earth
Orbital Synthesis’ ranged from 5.65 to 15.90 μas.

The simple model of an extragalactic point source introduced
by Walker (1998) assumes that all the flux density is in the
scintillating component. However, observations typically show that

only a fraction of the total flux density is time variable with some
of the emission arising in a more extended milliarcsecond-scale jet.
Furthermore, the source angular size determined from this approach
is derived using only the modulation index and the assumption that
the transition frequency is 14.4 GHz. This approach does not utilize
information obtained from the modelling of the annual cycle in the
modulation time-scale (known as ‘Earth Orbital Synthesis’), which
also yields information on the source angular size. The modulation
index has been used by various authors to characterize the linear
scale of the region responsible for the IDV (Quirrenbach et al. 1992;
Peng et al. 2000; Kedziora-Chudczer et al. 2001b). Here, we altered
the equation of refractive scintillation given by Walker (1998) and to
include the compact fraction of the source (fc = Score/Stotal) as

m = mp

(
θr

θs

)7/6

fc = ξ−1/3

(
ξ × θF

θs

)7/6

fc, (16)

where m is the observed modulation index, mp is the modulation
index of point source (0.65), θr is the refractive scale (12.38 μas), θF

is the size of first Fresnel zone (3.37 μas), θS is the source angular
size estimated from the annual cycle fitting with fixed velocity, ξ

is the scattering strength of screen distance of 0.84 kpc, and fc

is the compact fraction. Fig. 19 compares the compact fraction
measured using the equation (16) and the averaged modulation index
of PKS B1144−379. The source compact fraction was found to be
increased where the total flux density peaks and the averaged modu-
lation index is reduced (2006, 2007, and 2011). This might indicates
that the scintillating component has brightened and expanded.

In addition to the COSMIC data set presented in this paper,
information on the physical characteristics of the source can also
be determined from VLBI radio images. Fig. 20 compares the
source angular size estimated using the ‘Earth Orbital Synthesis’
of the COSMIC data at 6.7 GHz and major axis of core component
measured from the 8.6 GHz VLBI radio images. The VLBI radio
images were obtained from the Radio Reference Frame Image
Database (RRFID; https://www.usno.navy.mil/USNO/astrometry/vl
bi-products/rrfid) and the Astrogeo VLBI FITS image data base
(http://astrogeo.org/vlbi-images). The upper limit of the VLBI core
size was measured from an elliptical Gaussian model fit to the image
data made using the DIFMAP software package (Shepherd 1997).
In the period 2001–2013, the major axis of the core component
was estimated to vary between 0.16 and 0.81 mas. We found quite
similar pattern between these two data sets with the source angular
size estimated from the COSMIC data modulation index lagging the
value obtained from the major axis of the core component of VLBI
radio images. The core appears to expand first at the scales of ISS, and
then later at VLBI scales implying a new component moving out in
the jet. Fig. 21 compares the flux density of both the compact and ex-
tended emission regions for PKS B1144−379 estimated through two
independent techniques. From the COSMIC data, we can measure the
flux density of both the scintillating and non-scintillating (extended)
components, while from the VLBI images we have the flux density of
the core component compared to the total flux density of the source.

The modulation index of the scintillating component (mscint) is
expected to be

mscint = rms/Sscint = mp

(
θr

θs

)7/6

, (17)

where the rms values are the yearly averaged quantities, θr is the
refractive angular size (12.38 μas), θs from the annual cycle fitting
(minor axis of the length scale), and mp is based on an assumed
transition frequency of 14.4 GHz. The flux density of the scintillating
and non-scintillating components were found to vary by a factor of
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Interstellar scintillation of an extreme scintillator 4631

Figure 20. Comparison between source angular size estimated using the
‘Earth Orbital Synthesis’ of 6.7 GHz COSMIC data (top panel) and major axis
of core component measured from the 8.6 GHz VLBI radio images (bottom
panel). In the period 2001 to 2013, the major axis of the core component was
estimated to vary between 0.16 and 0.81 mas. The VLBI radio images taken
from the RRFID and The Astrogeo VLBI data base.

8 and 3, respectively. The estimated flux density in the scintillating
and non-scintillating components correlates with the flux densities
measured from the VLBI radio images. Fig. 22 shows the source
brightness temperature estimated from the source angular size of
COSMIC data (S = 2.65TBθ2/λ2, where S is the flux density of
scintillating component in Jy, θ is the source angular size measured
from the annual cycle fitting in arcmin, λ is the observing wavelength
in cm, and TB is brightness temperature in K) and a lower limit for the
source brightness temperature measured from the VLBI radio images
(method adopted from Frey et al. 2015). The source brightness tem-
perature measured from the COSMIC data ranged from 3.8 × 1013

to 1.1 × 1014 K (assuming that the observed variations are due
to scintillation), whereas the lower limit of the source brightness
temperature estimated from the VLBI radio images were found to
vary between 2.7 × 1010 and 6.9 × 1011 K. The source brightness
temperature inferred from the COSMIC data exceeds the inverse
Compton limit (∼1012 K; Kellermann & Pauliny-Toth 1969) and
implies a Doppler boosting factor of >100. Estimation of Doppler
factor was under the assumption of brightness temperature limited
incoherent synchrotron emission (Marscher 1998). The inference
of brightness temperatures that violate the inverse Compton limit
strengthens the case that the radio IDV observed in PKS B1144−379
is caused by ISS. The estimated brightness temperature in this paper
is in good agreement with the brightness temperature measured
by Turner et al. (2012). They found that the source brightness
temperature for PKS B1144−379 to be 6.2 × 1012 K at 4.9 GHz
under the assumption that the observed flux density variations

were due to scintillation. Rickett, Lazio & Ghigo (2006) reported
that the majority of scintillating AGN have maximum brightness
temperatures of 1011−1012 K.

As previously mentioned, a closer screen implies a lower bright-
ness temperature. We deduced the brightness temperature and in-
ferred Doppler factor are extremely high if the screen is at 0.84 kpc.
Table 4 shows several possibilities of the screen distance (L) that we
considered to estimate the brightness temperature and the Doppler
factor. Equation (17) used to measure the flux density of scintillating
component and we assumed the source angular size corresponds
to the refractive scale. If the screen is at 0.84 kpc, the brightness
temperature would range from 9.48 × 1013 to 2.74 × 1014 K and
this would suggest Doppler factor of ∼600. If we move the screen
closer, at 500 pc, the brightness temperature could be lowered down
to 3.36–9.72 (1013 K), while the Doppler factor is expected to be
253. At a screen distance of 100 pc, the brightness temperature and
the Doppler factor would be 1.34–3.89 (1012 K) and 17, respectively.
A reasonable value of brightness temperature and inferred Doppler
factor imply that the screen distance of PKS B1144−379 is probably
closer than 0.84 kpc.

5 DISCUSSION

The COSMIC data shows consistent annual modulations in the
time-scale of variability of PKS B1144−379 from 2003 through
2011. This represents strong evidence that the radio IDV in
PKS B1144−379 is due to ISS rather than any intrinsic mechanism.
The longer characteristic time-scales for PKS B1144−379 compared
to most other long-term monitoring radio IDV sources studied
to date, implies that the scattering screen along the line of sight
is further away (upper limit of ≈ 0.84 kpc) compared to more
rapidly scintillating sources. A nearby scattering screen in which the
scattering phenomenon occurs in a very local region of turbulence
is inferred for a number of the rapid scintillating sources. For
example, Bignall et al. (2003) estimate the scattering screen for
PKS B1257−326 to be at a distance of 12 ± 4 pc at 4.8 GHz and
15 ± 6 pc at 8.6 GHz. Similarly, Dennett-Thorpe & de Bruyn (2003)
estimate the scattering screen for PMN J1819−3845 to be between
1 and 12 pc away, while Rickett et al. (2002) find the scattering
screen distance to be 25 pc for PKS 0405−385. For most extragalactic
sources, the relationship between the characteristic time-scale and the
screen distance lies between a square root and a linear dependence
(Rickett et al. 2002). The angular size required for a source to
scintillate in the ISM is governed by the angular size of the first
Fresnel zone. Those sources that show larger variations with longer
characteristic time-scales are more likely located behind scattering
screens at much larger distances (Rickett et al. 1995). The smaller
angular sizes inferred for longer characteristic time-scale scintillators
thus correspond to higher brightness temperatures.

The characteristic time-scale of the flux density variations in
PKS B1144−379 appear to be affected by source evolution. Long-
term monitoring of variations of the flux density show that the source
has experienced a parsec-scale outburst which is commonly seen in
many flat spectrum AGN (Lister et al. 2009). The loose correlation
observed between the characteristic time-scale and the major axis of
the core component measured from the 8.6 GHz VLBI radio images
suggests that there is a relationship between the source evolution
and properties of the radio IDV. Kellermann & Pauliny-Toth (1981)
reported that flat-spectrum radio sources often show outbursts on
time-scales of months to years at centimetre wavelengths and these
intrinsic variations are associated with the relativistic jets observed
toward these sources in VLBI images. For PKS B1257−326, a
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4632 N. M. M. Said et al.

Figure 21. Comparison of the flux density of scintillating component (left-hand panel) and extended area (right-hand panel) measured from COSMIC data
(bottom panel) and the 8.6 GHz VLBI radio images (top panel). The flux density of the scintillating component and non-scintillating components from the
COSMIC data were measured by using the angular size estimated from the annual cycle. The flux density of the scintillating and non-scintillating components
were found to range between 0.10–0.57 Jy and 0.95–2.39 Jy, respectively. Core flux density were measured to range between 0.95 and 2.33 Jy, whereas the
extended component varied from 0.06 to 0.19 Jy.

parsec-scale outburst was detected that produced no significant
change in the scintillating flux density. The hypothesis is that the
slowly varying source component has an optically thick spectrum
and theμas core does not lie behind what is presumably an expanding
parsec-scale jet, as might be expected if the scintillating component
were the core of the base of the parsec-scale jet (Bignall et al. 2003).
For PKS B1144−379, there is a significant change in the scintillating
flux density of the source, hence the μas core might lie behind the ex-
panding parsec-scale jet and the outburst is probably occurring in the
same emitting region as the scintillating core. Possible consequences
of flares on radio IDV have been studied by Liu et al. (2013) for the
source 1156+295 at 4.8 GHz. Changes in the radio IDV characteristic
time-scale was compared with the evolution of the 43 GHz VLBA
core size. Liu et al. (2013) hypothesized that the very low variability
amplitudes measured for some periods for this source may be the
consequence of an increased source size related to the flare.

We have used the ‘Earth Orbital Synthesis’ technique to study
both the source structure and the ISM of the scattering screen. This
method also can be used to investigate the polarization structure
(Jauncey & Macquart 2001). However, there are some limitations of
‘Earth Orbital Synthesis’ that need to be considered. The accuracy
of the method depends on the measurement of the characteristic
time-scale and also assumes a single, stable scattering screen.
Sparse measurements of the characteristic time-scale increase the
uncertainty in the determination of the source and screen parameters
returned by annual cycle fitting. The assumption of an unchanging
scattering screen over the course of the observations is also not
necessarily true. For example, the scattering medium that was
responsible for the strong and rapid radio IDV of J1819+3845 has
moved away, leading to a significant decrease of the variability time-

scales (Macquart & de Bruyn 2007; Koay et al. 2011). Measurements
of source sizes using this approach are directly dependent on the
distance to the scattering screen, as a closer scattering screen implies
a larger source angular size. In our study, changes in the scintillation
length scale in successive annual cycles appear to be related to the
long-term intrinsic flux density changes in the source. We also made
an assumption that there is no change in average scattering properties
over the course of the observations.

Smaller values of reduced χ2 suggest that the anisotropic ISS
model is more accurate in its fitting of the annual cycle in the
characteristic time-scale of PKS B1144−379. Nevertheless, for some
of the observing years, the fitted parameters are not well constrained,
with the main cause thought to be due to the influence of source
evolution on the characteristic time-scale. Large anisotropy ratios
were inferred from the fits for some years (2005 and 2010), with
the axial ratio of the scattering screen going to zero (infinity) and
both components of the relative transverse velocity of the scintillation
pattern and the observer tending towards unrealistic values. The fitted
parameters were found to be better behaved when we fixed the values
of both velocity components of the scattering screen (Vα and Vδ were
fixed at 30 and 7.7 km s−1, respectively).

Some previous studies of radio IDV have used anisotropic ISS
models to fit the characteristic time-scale. The presence of a magnetic
field in the plasma can lead to an anisotropic scattering medium
(McCallum 2009). The effect of the anisotropic medium on the
scintillation is greatest when the scattering screen is thin, and the
magnetic field must be well ordered through the scattering screen
(i.e. along the line of sight) (Dennett-Thorpe & de Bruyn 2003;
Rickett & Coles 2004). In their study of PKS B1257−326, Bignall
et al. (2003, 2006) found evidence for anisotropic scattering and a
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Interstellar scintillation of an extreme scintillator 4633

Figure 22. Comparison between brightness temperature estimated from the
8.6 GHz VLBI radio images (top panel) and using the source angular size of
6.7 GHz COSMIC data (bottom panel). The source brightness temperature
measured from the COSMIC data ranged from 3.8 × 1013 to 1.1 × 1014 K,
whereas the lower limit of the source brightness temperature estimated from
the VLBI radio images were found to vary between 2.7 × 1010 and 6.9 × 1011

K. The VLBI radio images taken from the RRFID and The Astrogeo VLBI
data base.

highly elongated scintillation pattern for both the 4.9 and 8.5 GHz
observations, with axial ratios (R) greater than 10:1 extended in
a north-west direction on the sky. The 2D anisotropic model led
them to conclude that the high anisotropy of the scintillation pattern
caused degenerate solutions for the scintillation velocity. Walker, De
Bruyn & Bignall (2009) made a comparison between the 1D and 2D
model of anisotropy for PKS B1257−326 and J1819+3845. They
found that for J1819+3845, the optimum fit is infinite anisotropy,
but not for PKS 1257−326 where a 2D model with an axial ratio of
6 fits the data significantly better than the 1D model. This suggests
that for J1819+3845, it requires extremely anisotropic scattering
and that infers a region where the magnetic field is both strong and
highly ordered. They also claimed that in the 1D scintillation model,
the anisotropy can be as high as 105. Other radio IDV sources like
PKS 1322−110 (Bignall et al. 2019) and PKS B0405−385 (Rickett
et al. 2002) have also been argued to show scintillation consistent
with anisotropic scattering.

Anisotropic scattering could be due to either the scattering screen
or anisotropy of the emitting region (Gabányi et al. 2009). In order to
determine the cause of anisotropy in PKS B1144−379, we compared
the position angle of the anisotropy (measured by 90◦ − β) with the
position angle of the VLBI-scale jet. Over a 20 yr period (1997
January 30 and 2017 June 28), the position angle of the VLBI jet
in PKS B1144−379 has been determined using images from the
RRFID and the Astrogeo VLBI FITS Image data bases. The jet

position angles varied between 171◦ and −145◦. The VLBI-scale jet
measurements show good agreement with the TANAMI programme
observed by Ojha et al. (2010). The position angle of the anisotropy
estimated from the annual cycle fitting of Ceduna data observed
from 2003 through 2011 ranged from 18 to 56 deg. The difference
in the position angle between the scintillation and the VLBI-scale
jet suggests that the anisotropic scattering is due to the ISM rather
than the source structure. The ‘overshoot’ of the SF that exceeds the
saturation level (twice variance) is also consistent with anisotropy in
the scattering screen. As reported by Rickett et al. (2002), the negative
‘overshoot’ in the ACF data of PKS 0405−385 during its episodic
periods of fast scintillation indicates that the scattering medium
is highly anisotropic. They argued that the negative ‘overshoot’ is
an effect of anisotropic scattering in the ISM, and unlikely to be
produced by anisotropy of source structure.

The origin of the scattering screens of extreme scintillators is still
a mystery. Previous models proposed that the scattering screen might
be produced by the current sheets seen edge-on (Goldreich & Sridhar
2006; Pen & Levin 2014) or the ionized skins of tiny molecular
clouds (Walker 1998), but the real cause of this phenomenon is still
questionable. Walker et al. (2017) have proposed that the scattering
structures that cause radio IDV are associated with hot stars. They
found under the condition of a highly anisotropic (i.e. long and
thin) scattering screen, the long axis of the screen derived from
the data points at a nearby star, the screen velocity perpendicular
to the long axis roughly matches the velocity of the star in the
same direction, and the screen distance also matches that of the star.
Walker et al. (2017) found a probability of this association occurring
by chance in their two cases (J1819+3845 and PKS 1257−326)
of 10−7. Several authors have reported the association of hot star
with the origin of scattering screen. For example, B star Spica is
associated with the scattering screen of PKS 1322−110 (Bignall et al.
2019), Dennett-Thorpe & de Bruyn (2002) suggested that the nearby
A star Vega might be associated with J1819+3845, and Alhakim
(ι Centauri) for PKS 1257−326 (Walker 1998). In this study, we
used the Gaia catalogue to search for nearby hot stars that can
be associated with the scattering screen for PKS B1144−379. We
found two A stars (Gaia DR2 5384837413688122624 and Gaia DR2
3463396279568792576) that have transverse velocity (∼22 km s−1),
direction, and distance (∼7.4 × 102 pc) roughly matching the velocity
of the scattering screen perpendicular to the line of sight (Vperp)
measured from the fitted parameters of the unweighted anisotropic
annual cycle with fixed values of Vα (30 km s−1) and Vδ (7.7 km s−1).
However, further investigation is needed to verify this finding.

6 C O N C L U S I O N S

We have analysed the variations of flux density of PKS B1144−379,
using the 6.7 GHz COSMIC data set, the Astrogeo VLBI FITS
Image data base, and the United States Naval Observatory (USNO)
RRFID project. We find that the IDV of PKS B1144−379 is well
explained as originating from ISS. We have independently fitted an
annual cycle model for each of the years 2003 to 2011 inclusive
and find that it suggests the scattering screen has an anisotropic
structure and that evolution of the source structure influences the
ISS pattern. From the yearly changes in characteristic time-scale of
scintillation, we infer changes in the size of the microarcsecond-
scale, scintillating component of the source. Changes in the source
inferred from the scintillation measurements are also consistent with
VLBI observations, although scintillation probes a much smaller
angular scale. The component was found to be at its most compact
during two flares in total flux density (2005 and 2008).
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Gabányi K. É. et al., 2007b, A&A, 470, 83
Gabányi K., Marchili N., Krichbaum T., Fuhrmann L., Müller P., Zensus J.,

Liu X., Song H., 2009, A&A, 508, 161
Goldreich P., Sridhar S., 2006, ApJ, 640, L159
Heeschen D. S., Krichbaum T., Schalinski C. J., Witzel A., 1987, AJ, 94,

1493
Jauncey D. et al., 2016, Galaxies, 4, 62
Jauncey D. L., Macquart J. P., 2001, A&A, 370, L9
Jauncey D. L., Kedziora-Chudczer L. L., Lovell J. E. J., Nicolson G. D.,

Perley R. A., Reynolds J. E., Tzioumis A. K., Wieringa M. H., 2000,
in Hirabayashi H., Edwards P. G., Murphy D. W., eds, Astrophysical
Phenomena Revealed by Space VLBI. Inst. Space Astronaut. Sci.,
Sagamihara, p. 147

Jauncey D. L., Johnston H. M., Bignall H. E., Lovell J. E. J., Kedziora-
Chudczer L., Tzioumis A. K., Macquart J.-P., 2003, Ap&SS, 288, 63

Kedziora-Chudczer L., 2006, MNRAS, 369, 449
Kedziora-Chudczer L. L., Jauncey D. L., Wieringa M. H., Walker M. A.,

Nicolson G. D., Reynolds J. E., Tzioumis A. K., 1997, ApJ, 490, L9
Kedziora-Chudczer L., Jauncey D. L., Wieringa M. A., Tzioumis A. K.,

Bignall H. E., 2001a, Ap&SS, 278, 113
Kedziora-Chudczer L. L., Jauncey D. L., Wieringa M. H., Tzioumis A. K.,

Reynolds J. E., 2001b, MNRAS, 325, 1411
Kellermann K. I., Pauliny-Toth I. I. K., 1969, ApJ, 155, L71
Kellermann K. I., Pauliny-Toth I. I. K., 1981, ARA&A, 19, 373
Koay J. Y., Bignall H. E., Macquart J.-P., Jauncey D. L., Rickett B. J., Lovell

J. E. J., 2011, A&A, 534, L1
Lister M. L. et al., 2009, AJ, 137, 3718
Liu X. et al., 2017, MNRAS, 469, 2457
Liu J., Liu X., 2015, Ap&SS, 357, 165
Liu X., Song H.-G., Marchili N., Liu B.-R., Liu J., Krichbaum T. P., Fuhrmann

L., Zensus J. A., 2012, A&A, 543, A78

Liu B.-R., Liu X., Marchili N., Liu J., Mi L.-G., Krichbaum T. P., Fuhrmann
L., Zensus J. A., 2013, A&A, 555, A134

Lovell J. E. J. et al., 2008, ApJ, 689, 108
Macquart J.-P., de Bruyn A. G., 2007, MNRAS, 380, L20
Macquart J.-P., Jauncey D. L., 2002, ApJ, 572, 786
Marchili N., Krichbaum T. P., Liu X., Song H.-G., Gabányi K. É., Fuhrmann
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