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ABSTRACT
We present observations made with the Australia Telescope Compact Array (ATCA), the Jan-
sky Very Large Array (JVLA) and the Giant Metre-Wave Telescope of the radio source within
the galaxy WISE J071634.59�190039.2, claimed to be host of FRB 150418 by Keane et al. We
have established a common �ux density scale between the ATCA and JVLA observations, the
main result of which is to increase the �ux densities obtained by Keane et al. At a frequency
of 5.5 GHz, the source has a mean �ux density of 140 µJy and is variable on short time-scales
with a modulation index of 0.36. Statistical analysis of the �ux densities shows that the varia-
tions seen are consistent with the refractive interstellar scintillation of the weak active galactic
nucleus at the centre of the galaxy. It may therefore be the case that the fast radio burst (FRB)
and the galaxy are not associated. However, taking into account the rarity of highly variable
sources in the radio sky, and our lack of knowledge of the progenitors of FRBs as a class, the
association between WISE J071634.59�190039.2 and FRB 150418 remains a possibility.

Key words: galaxies: active � galaxies: individual: FRB 150418 � galaxies: individual: WISE
J071634.59�190039.2.

1 INTRODUCTION

Fast radio bursts (FRBs) are a relatively new class of astrophys-
ical phenomenon, the origin of which remains an open ques-
tion. Although the Parkes radio telescope has detected the ma-
jority of the FRBs (e.g. Lorimer et al. 2007; Keane et al. 2011;
Thornton et al. 2013; Burke-Spolaor & Bannister 2014; Petroff
et al. 2015b; Ravi, Shannon, & Jameson 2015; Champion et al. 2016;
Keane et al. 2016), others have been detected at Arecibo (Spitler
et al. 2014) and at the Green Bank Telescope (Masui et al. 2015).

� E-mail: Simon.Johnston@csiro.au

Observationally, FRBs are millisecond-duration bursts of radio
emission with high dispersion measures (DMs), some of which
appear to be polarized. Some FRBs show evidence of scattering,
others are temporally unresolved within observational limits while
yet others have a double-peaked structure (Champion et al. 2016).
FRB 121102 shows multiple bursts with different temporal and
spectral features (Scholz et al. 2016; Spitler et al. 2016), whereas
extensive observations of other FRBs have failed to see repetition
(Lorimer et al. 2007; Petroff et al. 2015b).

The DMs of the FRBs greatly exceed the DM contribution ex-
pected from the Milky Way by factors of as much as 30; this has
led to the interpretation that the FRBs are extragalactic (Lorimer
et al. 2007). In addition, observations of the scattering seen in some

C� 2016 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/465/2/2143/2417036 by inaf user on 10 July 2020

mailto:Simon.Johnston@csiro.au


2144 S. Johnston et al.

FRBs lends credence to the extragalactic interpretation (Macquart &
Johnston 2015; Cordes et al. 2016), whereas the Galactic interpre-
tation (e.g. Loeb, Shvartzvald, & Maoz 2014) seems barely tenable
(Dennison 2014). While the extragalactic interpretation of FRBs
thus seems reasonably secure, the same cannot be said of their pro-
genitors with many ideas currently in the literature (e.g. Falcke &
Rezzolla 2014; Lyubarsky 2014; Cordes & Wasserman 2016;
Katz 2016). Indeed, given the observational phenomenology listed
above, it remains unclear whether all FRBs have the same ori-
gin. If FRBs are indeed extragalactic in origin and can be detected
in large numbers at cosmologically interesting distances, they can
then be used as tools for high-precision cosmology (McQuinn 2014;
Macquart et al. 2015). For example, Keane et al. (2016) used the
DM of FRB 150418 in conjunction with the optical redshift of the
putative associated galaxy to measure the cosmic density of ionized
baryons, and found the result to be in agreement with that of WMAP
(Hinshaw et al. 2013).

The FRBs in the literature to date have all been discovered with
single-dish telescopes and hence have localization of only a few
arcmin at best. This means there are many sources at both optical
and radio wavelengths within the positional uncertainty of the FRB,
making any putative association dif�cult. Progress in determining
the progenitors (or afterglows) of FRBs depends on obtaining an
accurate position, and although valiant attempts have been made to
detect FRBs with interferometers over a wide range of frequencies
(e.g. Wayth et al. 2011; Siemion et al. 2012; Coenen et al. 2014;
Karastergiou et al. 2015; Law et al. 2015; Tingay et al. 2015; Burke-
Spolaor et al. 2016; Caleb et al. 2016; Rowlinson et al. 2016),
arcsecond positions remain elusive.

The SUrvey for Pulsars and Extragalactic Radio Bursts
(SUPERB) detected FRB 150418 in real time using the Parkes ra-
dio telescope (Keane et al. 2016). Follow-up observations using the
Australia Telescope Compact Array (ATCA) and the Subaru optical
telescope led to Keane et al. (2016) claiming that a fading radio tran-
sient was associated with the galaxy WISE J071634.59�190039.2
at redshift z = 0.49. The low probability of �nding such a ra-
dio source within the �eld of view of the Parkes telescope (Bell
et al. 2015; Mooley et al. 2016) meant that Keane et al. (2016) were
able to argue that the transient was associated with the FRB and
hence located in the optical galaxy.

Although initially classi�ed as a transient, data taken subsequent
to the Keane et al. (2016) paper made it clear that the source is
more correctly described as a variable. This led to the association
between the FRB and the radio transient being called into question
by Williams & Berger (2016), who claimed that the variability
was intrinsic to an active galactic nucleus (AGN), and Akiyama &
Johnson (2016), who proposed that the variability was caused by
the refractive scintillation of the AGN. Jansky Very large Array
(JVLA) observations by Vedantham et al. (2016) covering a wide
range of frequencies showed that the radio emission from WISE
J071634.59�190039.2 had �ux densities comparable to the later
epochs of Keane et al. (2016). The source of the emission was
shown to be compact on EVN baselines (Giroletti et al. 2016).
VLBA and e-MERLIN radio observations and optical imaging with
Subaru (Bassa et al. 2016) showed that the compact radio source is
located in the centre of WISE J071634.59�190039.2 and suggested
that the source is likely a weak AGN.

In this paper, we describe observations of the radio source per-
formed with the ATCA, the JVLA and the Giant Metre Wave Tele-
scope (GMRT) in Section 2. Section 3 presents the results with
special attention given to the absolute �ux density calibration be-
tween the ATCA and JVLA observations. Section 4 is dedicated

to an interpretation of the radio light curve before we present our
conclusions in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

Observations of the �eld containing FRB 150418 were made with
the ATCA, the GMRT and the JVLA covering a period of close
to one year after the FRB. In addition, JVLA observations were
made by Williams & Berger (2016) and Vedantham et al. (2016)
following the publication of Keane et al. (2016). A series of
observations were also made with the VLBA and e-MERLIN,
described in detail in Bassa et al. (2016), and with the EVN
(Giroletti et al. 2016).

A total of 10 epochs were obtained with the ATCA of which the
�rst �ve were included in Keane et al. (2016). Their observations
plus those of epoch 6 were made by mosaicking together 42 sep-
arate pointings. For epochs 7�10 inclusive, a single pointing was
used centred on the position of the WISE galaxy. All these observa-
tions were carried out in two bands each of 2-GHz bandwidth, the
�rst centred at 5.5 GHz and the second at 7.5 GHz. Flux calibration
was carried out with the ATCA calibrator B0823�500, while phase
calibration was performed using B0733�174. ATCA data reduc-
tion was carried out using the MIRIAD package (Sault, Teuben, &
Wright 1995) using standard techniques. For the mosaicked ob-
servations, each pointing was reduced separately and the pointings
later combined using the task LINMOS. Each 2-GHz band was re-
duced independently. Flux measurements were made using the task
IMFIT from the images and UVFIT directly from the calibrated UV

data.
Three epochs were obtained with the GMRT. The �rst and second

epochs used 3C286 as the �ux calibrator, whereas the third epoch
used 3C147. Phase calibration was carried out using 0837�198 for
the �rst epoch and 0735�175 for the last two epochs. GMRT data
reduction was carried out using AIPS, and the images were then
ported into MIRIAD for analysis.

A single epoch was obtained with the JVLA. A seven-point mo-
saic was used to tile the �eld of view surrounding the FRB. A total of
4 GHz of bandwidth was used centred at 6.0 GHz. Flux calibration
was carried out with 3C147 and phase calibration with B0733�174,
the same phase calibrator as used for the ATCA. Interference �ag-
ging and imaging were carried out using CASA.

Finally, the data taken by Williams & Berger (2016) on the JVLA
became publicly available and were reanalysed. These observations
were made with a single pointing in two separate bands each with
1 GHz bandwidth centred at 5.5 and 7.5 GHz. Again, 3C147 and
B0733�174 were used for �ux and phase calibration. Data reduc-
tion was carried out using CASA. The images were ported into MIRIAD,
and �ux density measurements were made using the task IMFIT in an
identical fashion to the ATCA data.

In this paper, �ux densities were obtained using IMFIT under the as-
sumption that the source is unresolved at the observing frequencies
and baseline lengths of the ATCA, GMRT and JVLA, an assumption
justi�ed by the long baseline results (Bassa et al. 2016).

2.1 Absolute flux density calibration

The ATCA data described in Keane et al. (2016) and those sub-
sequently obtained on the ATCA were �ux density calibrated us-
ing B0823�500, as the source was in angular proximity to the
FRB �eld, whereas the primary ATCA �ux density calibrator
B1934�638 was not. We did, however, also observe B1934�638
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on most occasions. B0823�500 is known to have intrinsic vari-
ability on yearly time-scales, and, indeed, its �ux density has
been increasing over the last decade, making the �ux density
model built into MIRIAD out of date (J. Stevens, private commu-
nication). To quantify this effect, we separately measured the �ux
density of the phase calibrator B0733�174 using B0823�500 or
B1934�638 as the �ux calibrator. We found that at 5.5 GHz, the use
of B0823�500 underestimates �ux density measurements by on av-
erage 8 per cent, whereas at 7.5 GHz, this difference is 15 per cent.
We see only a marginal increase in the �ux density of B0823�500
over the entire data span. The �ux densities described in Keane
et al. (2016) therefore, although self-consistent, are too low by
these amounts for the purposes of absolute comparison with other
instruments.

In addition to this effect, we have uncovered an issue with the way
that MIRIAD deals with the primary beam correction for mosaicked
images over wide bandwidths such as used in these observations.
The consequence of this effect is that the �ux densities as measured
with mosaicked images are lower than those made with a single
pointing. To quantify this effect, we took advantage of other sources
within the �eld of view of the large mosaic. We compared the �ux
densities as measured with the mosaic with those measured when
dealing solely with the single pointing containing the source. We
�nd that the �ux densities of the single pointings are 10 per cent
higher than those in the mosaics because of the way MIRIAD handles
a large fractional bandwidth in the LINMOS routine. A similar effect
also appears to be present in the CASA reduction of JVLA mosaics and
affects the �ux density that we measured in those observations. We
therefore also extracted the single pointing of the JVLA mosaic that
contained the WISE galaxy and processed these data independently.

For the ATCA data, the two bands (from 4.5 to 6.5 GHz and
from 6.5 to 8.5 GHz) are treated independently. We have veri�ed
the calibration between the two bands by examining the spectrum
of the phase calibrator, to ensure that it forms a smooth power law
over the entire 4 GHz range.

Finally, in order to compare the JVLA and ATCA observations,
we need to ensure that there is overlap in the frequency coverage.
The JVLA observation taken by us from 4.0 to 8.0 Hz is offset
from the ATCA observations from 4.5 to 8.5 GHz. The JVLA
observations of Williams & Berger (2016) were centred at the same
frequencies as the ATCA but had only 1 GHz of bandwidth per
sub-band, rather than the 2 GHz of the ATCA. Given the spectral
behaviour of this source, it is important to keep these differences in
mind when trying to compare �ux density measurements from the
different observations.

2.2 Summary of data calibration

In summary, the �ux density values presented in Keane et al. (2016)
are self-consistent between epochs but are, in absolute terms, low
for two reasons. First, MIRIAD has an incorrect model for the (cur-
rent) �ux density of B0823�500, and, secondly, MIRIAD incorrectly
accounts for primary beam correction across a wide bandwidth for
mosaicked images. The total of these effects means that the Keane
et al. (2016) �ux densities are too low by about 20 per cent in
comparison to those obtained with the JVLA. If we require an ac-
curacy of a greater than 10 per cent level, all these effects need to
be accounted for.

Potential pitfalls of measuring �ux density have been described
in great detail in Rau, Bhatnagar, & Owen (2016). Effects include
clean bias, interference �agging, imaging algorithms used (MIRIAD

versus CASA), the effects of wide bands and the software used to

compute �ux densities in either the image or the uv domain. These
effects are likely to account for most of the residual differences
between measurements noted below.

3 RESULTS

Table 1 lists the observations and the measurements of the �ux
density of WISE J071634.59�190039.2. Note that the date of the
fourth epoch of ATCA observations is 2015 July 4 and not June
4, as reported in Keane et al. (2016). Where the source was not
detected at 7.5 GHz, we give a 3� upper limit. The source was not
detected in any of the GMRT observations, and we quote an upper
limit likewise.

In Table 2, we compare the �ux density obtained with the JVLA
data, as reported in Williams & Berger (2016), with those obtained
through data reduction carried out by us. These agree within the
1� error bars apart from the data taken on 2016 March 23. We
note that there is a discrepancy between the result in the published
paper at this epoch (218 – 24 µJy) and that given in ATEL #8946
(185 – 18 µJy), with the latter value consistent with our value. In
subsequent analyses, we use the values that we derived.

We note that the brightness obtained with the VLBA on 2016
March 8 of 151 – 15 µJy beam�1 is signi�cantly lower than that
obtained only 17 h later with the JVLA (192 – 17 µJy), and the
EVN brightness on 2016 March 16 was 125 – 22 µJy beam�1 as
opposed to the JVLA value of 254 – 15 µJy taken only a few hours
later. One possible interpretation is that the EVN and VLBA are
resolving the structure, leading to a lower brightness. We do not
believe this to be the case, however, as the intermediate-resolution
data from e-MERLIN are consistent with both the ATCA/JVLA and
the EVN/VLBA measurements.

The left-hand panel of Fig. 1 shows the light curve at 5.5 GHz.
Red points are values obtained with the ATCA, blue points from the
JVLA, and green points from VLBA, e-MERLIN (Bassa et al. 2016)
and the EVN (Giroletti et al. 2016). The right-hand panel of the
�gure shows the 5.5- and 7.5-GHz light curves from measurements
taken on the ATCA. It can clearly be seen that the �rst two epochs
have a strongly falling spectrum (negative spectral index), whereas
for epochs 3�7, the spectrum is �at. Fig. 2 shows in more detail the
�nal 100 d of observations.

For the ATCA observations from epochs 7 to 10, where only sin-
gle pointings of a long duration were obtained, the signal-to-noise
ratio of the radio source is signi�cantly higher than in the earlier
epochs. This allows the data to be subdivided into frequency and
time bins. Fig. 3 shows the spectra for these four epochs. The spec-
tral index is highly variable. Finally, Fig. 4 shows the �ux density
as a function of time for epochs 7�10 at both 5.5 and 7.5 GHz. For
each epoch, we subdivide the data into 2.5 h time averages in steps
of 1.25 h. At 5.5 GHz, there is marginal evidence for variability on
the time-scale of a few hours but nothing like the factor of 2 change
between the measurements on the JVLA and EVN on 2016 March
16. At 7.5 GHz signi�cant time variability is seen from epoch to
epoch.

4 DISCUSSION

4.1 Variability

For a formal metric for variability, we use the debiased modulation
index, md, and �2 statistic from Bell et al. (2015), as well as the
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