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ABSTRACT
We investigate the origin of the parsec-scale radio emission from the changing-look active
galactic nucleus (AGN) of Mrk 590, and examine whether the radio power has faded concur-
rently with the dramatic decrease in accretion rates observed between the 1990s and the present.
We detect a compact core at 1.6 and 8.4 GHz using new Very Long Baseline Array observa-
tions, finding no significant extended, jet-like features down to ∼1 pc scales. The flat spectral
index (α8.4

1.6 = 0.03) and high brightness temperature (Tb ∼ 108 K) indicate self-absorbed syn-
chrotron emission from the AGN. The radio to X-ray luminosity ratio of log(LR/LX) ∼ −5,
similar to that in coronally active stars, suggests emission from magnetized coronal winds,
although unresolved radio jets are also consistent with the data. Comparing new Karl G. Jan-
sky Very Large Array measurements with archival and published radio flux densities, we find
46 per cent, 34 per cent, and (insignificantly) 13 per cent flux density decreases between the
1990s and the year 2015 at 1.4 GHz, 5 GHz and 8.4 GHz, respectively. This trend, possibly
due to the expansion and fading of internal shocks within the radio-emitting outflow after a
recent outburst, is consistent with the decline of the optical-UV and X-ray luminosities over the
same period. Such correlated variability demonstrates the AGN accretion–outflow connection,
confirming that the changing-look behaviour in Mrk 590 originates from variable accretion
rates rather than dust obscuration. The present radio and X-ray luminosity correlation, con-
sistent with low/hard state accretion, suggests that the black hole may now be accreting in a
radiatively inefficient mode.

Key words: accretion, accretion discs – galaxies: active – galaxies: individual: Mrk 590 –
galaxies: nuclei – galaxies: Seyfert.

1 IN T RO D U C T I O N

In ‘optical changing-look’ active galactic nuclei (AGNs), broad
emission lines in the optical-UV spectra disappear or emerge within
a span of a decade or less, in conjunction with a significant dimming
or brightening of the optical-UV and X-ray continuum emission
(e.g. LaMassa et al. 2015). The broad emission lines are produced by
high-velocity gas in the vicinity of the accreting supermassive black
hole (typically light-weeks away), ionized by the continuum pho-
tons from the accretion disc (e.g. Peterson 1997). Such changing-
look behaviour, although very rare, has long been observed in
nearby, lower-luminosity AGNs, namely Seyfert and low-ionization
nuclear emission-line region (LINER) galaxies (e.g. Tohline &

� E-mail: koayjy@dark-cosmology.dk

Osterbrock 1976; Penston & Pérez 1984; Cohen et al. 1986; Storchi-
Bergmann, Baldwin & Wilson 1993; Aretxaga et al. 1999; Shappee
et al. 2014). Since the recent discovery of changing-look behaviour
in a more luminous quasar, SDSS J015957.64+003310.5 (LaMassa
et al. 2015), about a dozen changing-look quasars have been uncov-
ered at redshifts of 0.2 � z � 0.6, either serendipitously (Runnoe
et al. 2016) or through systematic searches in multi-epoch Sloan
Digital Sky Survey (SDSS) spectroscopic data (MacLeod et al.
2016; Ruan et al. 2015).

The variability of the optical-UV line and continuum fluxes may
be attributed to variable extinction as clouds of gas and dust move
across the line of sight, thereby obscuring or revealing the accretion
disc and broad-line emitting region (BLR) in AGNs. Such a scenario
is possible if the obscuring dusty torus posited to surround the BLR
in standard AGN unification schemes (Urry & Padovani 1995) has
a clumpy structure (Nenkova et al. 2008; Elitzur 2012). Variable
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absorption by discrete clouds can explain spectral changes (between
Compton-thin and Compton-thick states) observed on time-scales
of a decade in a small number of AGNs at X-ray wavelengths
(e.g. Risaliti et al. 2005; Marchese et al. 2012), since the X-ray
emission likely arises from a much more compact region (Risaliti
et al. 2009) relative to the BLR. The estimated crossing-time of
clouds in a Keplerian orbit around the more extended BLR can be
dozens or hundreds of years in duration, and is therefore an unlikely
cause of the variability on time-scales of a decade or less observed
in optical changing-look AGNs (LaMassa et al. 2015; Ruan et al.
2015; Runnoe et al. 2016).

The dramatic changes in the spectral properties of changing-look
AGNs are better modelled by intrinsic dimming (or brightening)
due to changes in accretion properties, as opposed to dust extinc-
tion models (LaMassa et al. 2015; MacLeod et al. 2016; Ruan et al.
2015). Disc instabilities can result in variable disc emission (Lin &
Shields 1986), affecting the abundance of ionizing photons to ex-
cite the broad emission-line gas. In disc–wind models of the BLR,
changing accretion rates can alter the BLR structure, and at low
bolometric luminosities may even lead to the disappearance of the
BLR (Elitzur & Shlosman 2006; Elitzur, Ho & Trump 2014). In the
case of SDSS J015957.64+003310.5, Merloni et al. (2015) argue
that the decline in flux at X-ray and optical wavelengths is consistent
with the power-law decay of a flare from a stellar tidal disruption
event. Changing-look AGNs may even be transitioning between
radiatively efficient and radiatively inefficient modes of accretion,
analogous to spectral state transitions between high/soft accretion
states and low/hard states observed in Galactic black hole binaries
on time-scales of months to years (e.g. Remillard & McClintock
2006, and references therein), and in the most extreme cases may
even be transitioning between activity and quiescence. Therefore,
changing-look AGNs provide an excellent laboratory for studying
the accretion process in supermassive black holes using their vari-
ability within human lifetimes, previously thought possible only
with Galactic black hole binaries.

These extreme variations in AGN accretion rates on such short
time-scales are surprising; AGNs are expected to turn on or off on
time-scales of hundreds of millions of years, as inferred by obser-
vations of a large population of low-luminosity AGNs with a wide
range of levels of activity (e.g. Baldwin, Phillips & Terlevich 1981;
Kewley et al. 2006). By scaling the time-scale of spectral state
transitions of Galactic black hole binaries to that of ∼108 M� su-
permassive black holes, Sobolewska, Siemiginowska & Gierliński
(2011) predict that state transitions in AGNs would have character-
istic time-scales of 105 yr. High-resolution hydrodynamical simu-
lations of AGN fuelling in elliptical galaxies (Novak, Ostriker &
Ciotti 2011) and gas-rich disc galaxies (Gabor & Bournaud 2013)
reveal bursts of AGN activity with 105 and 106 year time-scales,
respectively, due to the clumpy structures in the inflowing gas. The
AGNs are then expected to turn off on time-scales of 104 years,
as inferred from observations of extended narrow emission-line re-
gions in quiescent galaxies where the AGN has already faded (e.g.
Schawinski et al. 2010; Keel et al. 2015). These time-scales are
orders of magnitude longer than that observed in changing-look
AGNs, indicating that the mass inflow rates are not smooth on time-
scales of decades. Simple AGN unification models (e.g. Antonucci
1993; Urry & Padovani 1995), in which the presence of broad emis-
sion lines in optical-UV spectra depends only on source-orientation,
clearly need to be extended to include variable AGN luminosities
and mass accretion rates.

What is presently missing in the study of changing-look be-
haviour in AGNs is the investigation of their possible radio variabil-

ity. It is unknown if the strength of radio emission from changing-
look AGNs, where present, varies in tandem with that of the optical-
UV and X-ray emission. Investigating the relationships between the
radio, X-ray, optical continuum, and emission-line luminosities (and
their variability) in changing-look AGNs can provide a better under-
standing of the disc–jet–wind–corona–BLR connection in accreting
supermassive black holes. The observed tight correlation between
radio and X-ray luminosities plus black hole masses in Galactic
black hole binaries and AGNs forms a Fundamental Plane of black
hole activity (Merloni, Heinz & di Matteo 2003; Falcke, Körding
& Markoff 2004). The physical origin of this empirical relationship
is still not well understood due to the uncertain origin of the X-ray
emission, as well as the radio emission in radio-quiet AGNs in which
extended jet-like features are not observed. Possible sources of the
unresolved radio emission in radio-quiet AGNs include low-power
parsec-scale jets (e.g. Miller, Rawlings & Saunders 1993; Falcke,
Patnaik & Sherwood 1996; Nagar, Wilson & Falcke 2001), disc
winds (e.g. Blundell & Kuncic 2007; Zakamska & Greene 2014),
advection-dominated accretion flows (ADAFs; Mahadevan 1997;
Narayan, Mahadevan & Quataert 1998), and the disc-coronae (Laor
& Behar 2008). Understanding the physical coupling between the
radio and X-ray emitting components in AGNs can thus also poten-
tially shed light on their unification with stellar mass black holes,
and the origin of radio emission in radio-quiet AGNs.

1.1 The changing-look Seyfert galaxy Mrk 590

In this paper, we examine the radio properties and variability of
Mrk 590, a changing-look Seyfert galaxy at redshift z = 0.0264, to
better understand the physical connections between the accretion
disc, BLR and radio-emitting components in this AGN. The broad
Hβ emission line disappeared from its optical-UV spectra sometime
between the years 2006 and 2012 (Denney et al. 2014). Four decades
of multi-wavelength (radio to X-ray) archival and published data en-
able the changing-look behaviour in Mrk 590 to be studied in more
detail. Its black hole mass, a key parameter in the study of black
hole accretion, is also reasonably well-determined from reverbera-
tion mapping to be 4.75( ± 0.74) × 107 M� (Peterson et al. 2004).
Its proximity to us, compared to the more distant changing-look
quasars, enables spatially resolved studies of its nuclear regions.
While high angular resolution ALMA images do not detect any
12CO(3–2) line emission in the central 150 pc, constraining the cen-
tral H2 gas mass to MH2 � 105 M� (Koay et al. 2016), there is
still potentially enough gas to fuel the black hole for another 105 yr
assuming Eddington-limited accretion (for LEdd ≈ 7 × 1045 erg s−1

and assuming a mass-to-light conversion efficiency of 0.1). Stronger
constraints are needed to determine if the central engine is truly run-
ning out of gas. We have secured ALMA Cycle 3 observing time
to obtain improved angular resolution observations of the higher
CO transitions with the aim of mapping the gravitational potential,
modelling the gas kinematics, and investigating the gas transport
mechanisms (fuelling and outflows) in this intriguing AGN.

For reference, we provide a summary of the variability charac-
teristics of Mrk 590 here, as reported by Denney et al. (2014) based
on four decades of published optical-UV (both line and continuum)
and X-ray fluxes.

(i) The optical continuum and broad Hβ emission-line
fluxes, measured to be ≈3 × 10−16 erg s−1 cm−2 Å−1 and
≈5 × 10−14 erg s−1 cm−2, respectively, in the 1970s, had increased
by an order of magnitude by the early 1990s.

MNRAS 460, 304–316 (2016)
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(ii) At its highest observed bolometric luminosity in the
1990s (Lbol ≈ 6 × 1044 erg s−1 as estimated from the rest-
frame 5100 Å continuum flux), the black hole was accreting
at ∼10 per cent of the Eddington limit (Peterson et al. 2004).
The optical continuum, UV continuum and Hβ line fluxes,
observed to be approximately 5 × 10−15 erg s−1 cm−2 Å−1, 4 ×
10−14 erg s−1 cm−2 Å−1, and 5 × 10−13 erg s−1 cm−2, respectively,
in the 1990s, have since decreased by about two orders of magnitude
in strength. In fact, the optical-UV continuum emission has faded
to the point where it can now be modelled solely by emission from
the host galaxy stellar populations. The total (both soft and hard)
X-ray flux has also decreased by at least an order of magnitude, with
the 0.5–10 keV flux in 2013 measured at 1.3 × 10−12 erg s−1 cm−2.
The narrow [O III] λ5007 line flux has decreased by only a factor
of 2 (from 1.1 × 10−13 erg s−1 cm−2 to 0.56 × 10−13 erg s−1 cm−2)
within the same period, and is delayed by up to ∼10 years, reflecting
the larger spatial extent of the emitting region.

(iii) It is unlikely that the observed changes in Mrk 590 result
from variable dust extinction. This is supported by the observed
variability of the [O III] λ5007 line and the fact that the observed
variability time-scales are shorter than the dynamical time-scales
required for an occulting cloud.

It is unknown if the radio emission from Mrk 590 also varied
in strength during the initial brightening and eventual fading of the
AGN. Published radio images of Mrk 590 at frequencies of 1.4 to
8.4 GHz, and at angular resolutions of tens of arcsec (∼5 kpc) to
0.1 arcsec (∼50 pc) reveal the presence of only a single unresolved
(or marginally resolved) core component down to the image sensi-
tivity limits (e.g. Schmitt et al. 2001; Thean et al. 2001). The origin
of this radio emission is unknown. Higher resolution images from
very long-baseline interferometry (VLBI) are needed to determine
the radio morphology of Mrk 590 at pc-scales, allowing us to also
probe its radio emission on spatial scales relevant to the time-scale
of the variability observed at other wavelengths.

1.2 Goals of this study

In this study, we present the first investigation into the radio variabil-
ity of a changing-look AGN over the period of its transition, using
our recent multi-frequency observations of Mrk 590 with the Karl
G. Jansky Very Large Array (VLA, programme ID: VLA/15A-084),
along with available archival and published radio data of Mrk 590
over the past four decades. We also present the highest angular res-
olution radio images of Mrk 590, which we obtained using the Very
Long Baseline Array (VLBA, programme ID: BK192), to probe its
parsec-scale radio morphology. The goals of this study are (1) to de-
termine the physical origin of the radio emission in Mrk 590 based
on its spectral shape, brightness temperature and pc-scale morphol-
ogy, (2) to establish if the radio emission from Mrk 590 has varied
in intensity in relation to that at optical-UV and X-ray wavelengths,
and if so, to determine the possible causes of this variability and,
quite importantly, (3) to obtain baseline data for the radio fluxes and
pc-scale radio structures of Mrk 590 for future comparisons, in the
event that the AGN turns on again in the near future. In Section 2,
we describe the new VLA and VLBA observations and data pro-
cessing, as well as the ancillary archival and published data used
for this study. In Section 3, we present our results and discuss the
origin of the radio emission in Mrk 590, its variability, and their
implications for changing-look AGNs. We adopt the following cos-
mology: �m = 0.3, �� = 0.70, and H0 = 70 km s−1 Mpc−1. This
gives us a luminosity distance of DL = 115.4 Mpc and a linear scale
of 531 pc per arcsec for Mrk 590.

2 O B S E RVAT I O NA L DATA

Our preliminary inspection of published radio data of Mrk 590 ob-
tained in the 1980s and 1990s revealed that the radio flux densities
may have varied over the past few decades. Motivated by these hints
of radio variability, we obtained new VLA observations, described
in Section 2.1, to confirm our hypothesis that they follow trends
consistent with the variations observed at higher energies. We dis-
cuss the observations and data processing for our VLBA data in
Section 2.2, and present all the ancillary archival and published
data used in our study in Section 2.3.

2.1 New VLA observations and data processing

Our new observations of Mrk 590 were carried out with 27 an-
tennas on the VLA in A-configuration on 2015 June 23, using the
P-band, L-band, C-band, X-band and Ku-band receivers (see Table 1
for corresponding frequencies). We used the standard wideband
continuum mode of the WIDAR correlator, selecting 8-bit sampling
and 2-s correlator integration times for all receiver bands. In this
mode, there are two basebands that can be tuned separately, thereby
allowing each receiver to observe at two separate centre frequencies
within the band. Observations of Mrk 590 at each frequency band
were bounded by (and at P band and Ku band also interleaved with)
scans of the complex gain calibrator, J0215−0222. A single scan
of 3C 48 was also obtained at each frequency band for bandpass
and flux calibration. For the higher-frequency Ku-band observa-
tions, we performed reference pointing scans on 3C 48 to calibrate
for pointing errors. The total on-source integration times, observing
bandwidths, and centre frequencies for each baseband are presented
in Table 1.

We performed the data processing using the Common Astronomy
Software Applications (CASA) package (version 4.4.0; McMullin
et al. 2007). Our observations at 1.3 to 17 GHz are straightforward,
so we made use of the CASA VLA scripted calibration pipeline
to perform standard bandpass, complex gain and flux calibration,
including automated flagging of radio frequency interference (RFI).
Hanning smoothing was applied to reduce the effects of spectral
ringing resulting from narrow-band RFI. We examined the pipeline-
calibrated data and calibration tables to check for bad calibration
solutions. We then performed further manual flagging of residual
RFI in the data. Where such residual RFI were found in the calibrator
sources, we reran the calibration pipeline after flagging the bad
data.

Since the 0.38 GHz data obtained from observations conducted
together with that of other bands as part of a single scheduling
block cannot at present be converted directly into CASA’s .ms for-
mat, we first used the OBIT (Cotton 2008) and Astronomical Image
Processing System (AIPS, release 31DEC16; Greisen 2003) software
packages to convert the 0.38 GHz data into UVFITS format, in the
process applying the online flags to the data. We then used the
importuvfits task in CASA to convert the UVFITS files into .ms
format for data reduction in CASA. We corrected for the erroneously
labelled polarizations (from circular to linear polarizations), and
found some antennas with swapped polarization components due
to receiver cabling errors,1 which we also corrected for. RFI in the
calibrator sources J0215−0222 and 3C 48 were flagged manually,
after which we performed the bandpass, complex gain and flux

1 These known errors are described here: https://casaguides.nrao.edu/
index.php/P-band_basic_data_reduction
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Table 1. Summary of the observational setup and the imaging parameters for the new 2015 VLA data set.

Band Frequencya Bandwidth On-source time Pixel size Image size
(GHz) (GHz) (min) (arcsec) (pixels)

P 0.38 0.256 16.9 1.0 × 1.0 12000 × 12000
L 1.3 0.512 4.1 0.2 × 0.2 12000 × 12000

1.8 0.512 4.1 0.2 × 0.2 12000 × 12000
C 5.0 1.024 4.1 0.06 × 0.06 9000 × 9000

6.5 1.024 4.1 0.06 × 0.06 9000 × 9000
X 8.6 1.024 5.0 0.04 × 0.04 7200 × 7200

10.0 1.024 5.0 0.04 × 0.04 7200 × 7200
Ku 15.0 1.024 8.5 0.025 × 0.025 7200 × 7200

17.0 1.024 8.5 0.025 × 0.025 7200 × 7200

aThe centre frequencies for each of the two independently tuned basebands within each receiver band. At P band, we combined both
128 MHz basebands into a single, contiguous 256 MHz band for better overall sensitivity.

calibrations. We then inspected the data of Mrk 590 for RFI, which
we then flagged.

Imaging and deconvolution were both performed using the CASA

task clean. With the exception of the 0.38 GHz data, imaging was
carried out with natural weighting of the visibilities to obtain the
best signal-to-noise ratio, as well as to obtain beam sizes compa-
rable to that of published data at earlier epochs. For the 0.38 GHz
image, we used Briggs weighting (robustness = 0.5) to obtain a rea-
sonable balance between surface brightness sensitivity and angular
resolution (∼5 arcsec) for comparisons with the higher frequency
data, since the largest angular scale that can be probed at 17 GHz
in the A-configuration is ∼5 arcsec. We derived a separate image
from the visibilities of each of the two independently tuned base-
bands of each receiver, except at 0.38 GHz where we have derived
a single image from the combined visibilities at both basebands.
This enabled us to improve the signal-to-noise ratio of the resulting
0.38 GHz image, where the total observing bandwidth is narrower
and significantly more data (about half the total number of chan-
nels) had to be excised due to strong RFI. Pixel sizes and image
sizes used for all the images produced are presented in Table 1. For
the deconvolution, we applied a mask at the location of the cen-
tral source, and cleaned components within the mask down to three
times the image rms intensities. We note that bright sources (10 mJy
levels at 1.3 and 1.8 GHz, as well as 100 mJy levels at 0.38 GHz)
are present within the primary beam of the lower frequency images,
requiring these sources to be included in the mask such that the de-
convolution of the dirty beam is also applied to these other sources
within the field of view. We then performed phase self-calibration
of the visibilities at each frequency band using the model visibilities
of the clean components.

For all data from 1.3 to 17.0 GHz, we generated an alternate set
of images applying a uv-tapering of 5 arcsec, so that the restoring
beams for all images (including that at 0.38 GHz) are of com-
parable sizes. This provides a way of checking for biases in flux
measurements arising from decreasing image beam sizes with in-
creasing observing frequency, when examining the spectral shape
of Mrk 590.

At all frequencies, we observe a core component in the centre
of Mrk 590 (Fig. 1), which we assume to be the location of the
AGN. This component is unresolved (with visibilities consistent
with that of a point source) at some frequencies, and is marginally
resolved in others, as ascertained by fitting a source model with
a Gaussian profile to the visibilities and/or images. We used the
CASA task imfit to fit a two-dimensional Gaussian function to the
central emission component of Mrk 590 to extract the integrated

flux densities, Sint, and peak fluxes, Speak, at each observed frequency
(presented in Table 2). This was done for both the naturally weighted
and uv-tapered images.

The estimated total uncertainties in the values of Sint and Speak,
including systematic calibration errors, are shown in parentheses in
Table 2. As the probability distribution of the total error, σ tot, is the
convolution of the probability distribution of the flux-independent
stochastic errors and that of the flux-dependent calibration errors,
the total uncertainties are estimated as:

σtot =
√

σ 2
stat + σ 2

cal, (1)

where σ stat represents the uncertainties in the fitting of the Gaus-
sian function to the image (and thus includes the image rms noise).
σ cal represents the systematic calibration errors, dominated by the
uncertainties in the absolute flux density scaling of our flux calibra-
tor. We assume very conservatively that the calibration errors have
values that are 5 per cent of the measured fluxes, such that σ cal =
0.05Sint for the integrated flux densities and σ cal = 0.05Speak for the
peak fluxes. We also note that our flux calibrator for our new VLA
observations, 3C 48, has been observed to exhibit flux variations of
up to ∼5 per cent at frequencies of 1.4 to 8.4 GHz, and up to ∼10
per cent at 15 GHz, over the last 30 years (Perley & Butler 2013).
However, since we use the Perley & Butler (2013) scheme for flux
density scaling, which has accurate flux measurements of 3C 48 up
to the year 2012, our flux scaling errors are unlikely to be this large.
This is because the flux variations in 3C 48 are typically <3 per cent
between 1.4 and 8.4 GHz (and <5 per cent at 15 GHz) on two to
three year time-scales, so the flux levels at these frequencies are
unlikely to have changed by more than that amount between the
years 2012 and 2015.

2.2 New VLBA observations and data processing

VLBA observations at two different frequencies, centred at 1.6 and
8.4 GHz, were carried out in 2015 February 3 with nine anten-
nas (Hancock station did not participate in the observations due
to snowstorms.). At each frequency, we used dual-polarization ob-
servations, with a bandwidth of 256 MHz per polarization and a
2-bit sampling rate, acquiring an aggregate recording bit rate of
2048 Mbps. We used a correlator averaging time of 2 s. Observa-
tions of Mrk 590 were carried out in phase referencing mode, where
the quasar J0219+120 (located 2.◦4 away from Mrk 590) was used
as our phase reference calibrator. We also observed 3C 84 as our
fringe finder and bandpass calibrator. We achieved a total observing
time of 36 min on-source for Mrk 590 at each frequency.

MNRAS 460, 304–316 (2016)
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Figure 1. New VLA images of Mrk 590 at 0.38, 1.3, 1.8, 5.0, 8.6, and 15.0 GHz shown as grey-scale maps and black contours. The image rms intensities
are 0.54, 0.061, 0.042, 0.021, 0.016, and 0.015 mJy beam−1, respectively. Contour levels are: 5σ , 10σ , and 15σ at 0.38 GHz; 4σ , 8σ , 12σ , 20σ , and 40σ at
1.3 and 1.8 GHz; 10σ , 50σ , and 100σ at 5.0, 8.6 and 15.0 GHz. All images are obtained using natural weighting, except at 0.38 GHz where Briggs weighting
(robustness = 0.5) is used. The full width at half-maximum clean beam sizes (shown at the bottom left of each image) are presented in column 2 of Table 2.
Coordinates are relative to the phase centre at R.A.: 02h14m33.s560 and DEC: −00◦46′00.′′00. Images at centre frequencies of 6.5, 10.0 and 17.0 GHz contain
only an unresolved or marginally resolved core component (similar to the 5.0, 8.6 and 15.0 GHz images), and are thus not shown.

Table 2. Multi-frequency image properties and source fluxes for Mrk 590 from new VLA observations in 2015.

Frequency Beam sizea Beam P.A. Sint
b Speak

b Sint(5 arcsec)b Speak(5 arcsec)b

(GHz) (arcsec) (◦) (mJy) (mJy beam−1) (mJy) (mJy beam−1)

0.38 5.90 × 5.66 +86.7 16.00 ± 1.400(1.61) 9.080 ± 0.540(0.71) – –
1.3 1.99 × 1.46 − 12.8 3.390 ± 0.110(0.20) 3.246 ± 0.061(0.17) 4.76 ± 0.20(0.31) 4.35 ± 0.11(0.24)
1.8 1.43 × 1.06 − 15.9 2.754 ± 0.075(0.16) 2.724 ± 0.042(0.14) 3.56 ± 0.20(0.27) 3.29 ± 0.11(0.20)
5.0 0.57 × 0.39 − 11.9 2.770 ± 0.037(0.14) 2.723 ± 0.021(0.14) 3.58 ± 0.11(0.21) 3.136 ± 0.059(0.17)
6.5 0.42 × 0.29 − 16.9 2.902 ± 0.035(0.15) 2.815 ± 0.019(0.14) 3.56 ± 0.16(0.24) 3.205 ± 0.087(0.18)
8.6 0.33 × 0.24 − 25.7 3.112 ± 0.029(0.16) 3.023 ± 0.016(0.15) 3.84 ± 0.14(0.24) 3.479 ± 0.078(0.19)
10.0 0.28 × 0.21 − 27.6 3.064 ± 0.029(0.16) 2.964 ± 0.016(0.15) 3.40 ± 0.10(0.20) 3.307 ± 0.055(0.17)
15.0 0.18 × 0.14 − 23.6 2.666 ± 0.027(0.14) 2.583 ± 0.015(0.13) 2.65 ± 0.07(0.15) 2.643 ± 0.039(0.14)
17.0 0.16 × 0.12 − 22.1 2.470 ± 0.033(0.13) 2.418 ± 0.018(0.12) 2.55 ± 0.11(0.17) 2.614 ± 0.065(0.15)

aThe full width at half-maximum of the synthesized clean beam for the naturally weighted images, except at 0.38 GHz where Briggs weighting (robustness =
0.5) is used.
bThe uncertainties outside the parentheses are the stochastic uncertainties, σ stat, which in the case of Speak is the image rms intensity. The total estimated
uncertainties inclusive of systematic calibration errors, σ tot, are quoted within the parentheses.

Processing of the VLBA data was carried out using the proce-
dures defined in VLBAUTIL in the AIPS software package (release
31DEC16). This release of AIPS includes modified and new proce-
dures that enable more accurate amplitude calibrations. It reduces
the 20 per cent to 30 per cent discrepancies in the flux scaling

(the cause of which at present is still not fully understood) found
in recent VLBA observations that use the Polyphase Filter-bank
(PFB) personality of the Roach Digital Backend (RDBE) system,
as described by Walker (2014). We first inspected the visibilities
to search for spurious data and RFI, which we flagged. We then
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Figure 2. The VLBA images at 1.6 GHz (colour map and white contours)
and 8.4 GHz (black contours), both obtained using natural weighting. White
contours represent −1σ (dashed), 3σ , 5σ , 10σ , 15σ , 20σ and 25σ levels
in the 1.6 GHz image, for a 1σ rms intensity of 80 µJy beam−1. Black
contours are at 5σ , 10σ , 20σ and 30σ levels (1σ = 90 µJy beam−1) in
the 8.4 GHz image. The full width at half-maximum synthesized beams of
14 mas × 6.3 mas at 1.6 GHz and 2.8 mas × 1.2 mas at 8.4 GHz are shown
as the white filled ellipse and black ellipse, respectively, at the bottom left
of the image.

performed the preliminary calibrations, correcting for Earth orien-
tation parameters, ionospheric dispersive delays, digital sampling
effects, instrumental delays and the bandpass responses. Amplitude
calibration was performed using the procedure VLBAAMP, based on
the antenna gain tables and antenna system temperatures measured
during the observations. Parallactic angle corrections were applied
using VLBAPANG. Delay, rate and phase calibrations were carried
out using the procedures VLBAPCOR and FRING. The calibrated
data were exported into UVFITS format using the AIPS task fittp,
and were converted to .ms format using the importuvfits task
in CASA for further imaging and processing in CASA.

Imaging and deconvolution were performed using the CASA task
clean. After exploring different weighting schemes, we imple-
mented natural weighting for both the 1.6 and 8.4 GHz images,
for better surface brightness sensitivity. We used pixel sizes of
1 milliarcsec × 1 milliarcsec (mas) and an image size of 4096 pixels
× 4096 pixels at 1.6 GHz. For the image at 8.4 GHz, we used a
pixel size of 0.17 mas × 0.17 mas and an image size of 6400 ×
6400 pixels. The clean model was used as an input model for phase
self-calibration. We achieved an rms noise level of 0.08 mJy beam−1

at 1.6 GHz and 0.09 mJy beam−1 at 8.4 GHz. The clean beam sizes
are 14 mas × 6.3 mas (P.A. = 9.◦5) at 1.6 GHz, and 2.8 mas ×
1.2 mas (P.A. = −1.◦0) at 8.4 GHz.

We detect a compact core component at 1.6 and 8.4 GHz, and
at 25σ and 30σ significance, respectively (Fig. 2). In the VLBA
images at both frequencies, the sources are offset from the phase
centre of the observations (R.A.: 02h14m33.s559000 and DEC:
−00◦46′00.′′27000) by about 0.095 arcsec. This offset is sufficiently
small such that the source is well within the field of view at both fre-

quencies, limited by bandwidth smearing to be 11 arcsec at 1.6 GHz
and by time smearing to be 3.7 arcsec at 8.4 GHz. For each of the
core components at both frequencies, we present in Table 3 their
Sint and Speak values, as well as their coordinates and estimated
source sizes. These parameters were derived by fitting an elliptical
Gaussian function to the images using the task imfit in CASA.
Since we used the new VLBA calibration strategy as recommended
by Walker (2014), which is expected to reduce the 20 per cent to
30 per cent VLBA flux discrepancy down to an error of 4 per cent,
we again adopt a value of 5 per cent for σ cal, and include this term
in our estimate of the overall σ tot for our VLBA fluxes following
equation (1).

2.3 Ancillary archival and published data

To examine the radio variability of Mrk 590 over the past four
decades, we searched for and found published flux measurements
of Mrk 590 obtained from instruments such as the Westerbork Syn-
thesis Radio Telescope (WSRT), the Multi-Element Radio Linked
Interferometer Network (MERLIN), and the VLA in different ar-
ray configurations from the 1970s to the present (shown in Ta-
ble 4). These include flux measurements of Mrk 590 obtained from
catalogues of radio surveys such as the NRAO VLA Sky Survey
(NVSS) (Condon et al. 1998), the Faint Images of the Radio Sky at
Twenty-cm (FIRST) Survey (Becker, White & Helfand 1995), and
the high-resolution VLA survey of the SDSS Stripe 82 (VLAS82)
(Hodge et al. 2011).

We also searched for and obtained raw data from the VLA and
MERLIN archives for reprocessing and recalibration, to serve as
consistency checks. Using the CASA software package, we recali-
brated the archival data observed with the VLA in A-configuration
(where available), since these are the most relevant for compar-
isons with that of our new VLA observations in the same con-
figuration. Complex gain and flux calibrations, including phase
self-calibration, were performed using standard methods. We found
observations of Mrk 590 at both 1.6 and 5 GHz in the MERLIN
archives, the latter of which (to our knowledge) appear to be un-
published. We recalibrated the MERLIN data using AIPS, applying
standard methods. For all the recalibrated archival data, we derived
the images using natural weighting. For the 5 GHz MERLIN data,
uv-tapering was applied when obtaining the image such that the
beam is comparable to the 1.6 GHz MERLIN and 8.4 GHz VLA
A-configuration data obtained at a similar epoch (in the 1990s). The
rows flagged with a ‘Y’ in Table 4 indicate flux densities obtained
from images derived from our recalibrated data. As with our new
VLA and VLBA flux densities, we estimate the total uncertainties
of Sint and Speak using equation (1). Since the archival and catalogue
data are obtained with different instruments and the flux densities
are calibrated with different flux calibrators, we adopt, for each of
these flux measurements, a more conservative calibration error of
10 per cent of the measured flux.

For four entries in Table 4 for which we recalibrated the raw
data and the flux densities are available in the literature, we find
the published flux densities to be consistent with that derived from
our recalibrated images to within 1σ of both the stochastic and total
uncertainties, with one exception. For the 8.4 GHz VLA data from
1998, Schmitt et al. (2001) obtain a flux density of 3.40 ± 0.03 mJy,
at least 0.13 mJy lower in flux (by twice the stochastic uncertainty
of ±0.06 mJy) than our estimated value of 3.56 mJy. However, the
previously published value is well within our estimated total 1σ

uncertainty of ±0.37 mJy.
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Table 3. Properties of the radio core detected in the 1.6 and 8.4 GHz VLBA images of Mrk 590.

Frequency Weighting Sint
a Speak

a R.A. Dec. θmaj
b θmin

b P.A.b

(GHz) (mJy) (mJy beam−1) (J2000) (J2000) (mas) (mas) (◦)

1.6 Natural 2.91 ± 0.18(0.23) 2.06 ± 0.08(0.13) 02h14m33.s561020 −00◦46′00.′′1795 9.1 4.1 10.2
8.4 Natural 3.04 ± 0.17(0.23) 2.85 ± 0.09(0.17) 02h14m33.s560879 −00◦46′00.′′1815 <0.98 <0.28 –

aThe uncertainties outside the parentheses are the stochastic uncertainties (σ stat), while the total estimated uncertainties inclusive of systematic calibration
errors, σ tot, are quoted within the parentheses.
b θmaj, θmin, and P.A. are the major axis, minor axis and parallactic angle of the core component as modelled by fitting an elliptical Gaussian function to the
image.

Table 4. Archival and published radio continuum data for Mrk 590.

Frequency Year Instrument Beam size Sint
a Speak

a Recalibrationb Ref.c

(GHz) (arcsec) (mJy) (mJy beam−1)

1.4 1977 WSRT d 11.0 ± 2.0 (2.3) – – 1
1983 VLA-D 90 × 90e 11.2 ± 1.4 (1.8) – – 2
1983 VLA-A 1.95 × 1.35 4.86 ± 0.59 (0.8) 4.59 ± 0.33(0.57) Y 0
1993 VLA-D 45 × 45e 16.2 ± 0.6 (1.7) – – 3
1995 MERLIN 0.33 × 0.25 6.28 ± 0.22 (0.67) 6.05 ± 0.12(0.62) Y 4
2002f VLA-B 6.4 × 5.4 9.90 ± 0.50 (1.11) 6.83 ± 0.14(0.70) – 5
2008 VLA-A 2.35 × 2.05 4.35 ± 0.10 (0.45) 2.92 ± 0.06(0.30) – 6

4.9 1982 VLA-A – 3.5 ± 0.5 (0.6) – – 7
1983 VLA-D 15 × 15 5.23 ± 0.29 (0.60) – – 2
1995 MERLIN 0.33 × 0.25e 4.23 ± 0.31 (0.52) 3.66 ± 0.16(0.40) Y 0

8.4 1991 VLA-A 0.38 × 0.28 3.67 ± 0.14 (0.39) 3.32 ± 0.07(0.34) Y 8
1992 VLA-C 8.36 × 2.31 4.30 ± 0.32 (0.54) 3.39 ± 0.14(0.37) Y 8
1998 VLA-A 0.33 × 0.23 3.56 ± 0.06 (0.37) 3.38 ± 0.03(0.34) Y 9

20 1983 OVRO 90 × 90 3.6 ± 0.6 (0.7) – – 2

aThe uncertainties outside the parentheses are the stochastic uncertainties (σ stat), while the total estimated uncertainties inclusive of systematic calibration
errors, σ tot, are quoted within the parentheses.
bY: indicates that the values of Sint and Speak in that particular row are derived from data that we have recalibrated.
cFor data that we have recalibrated, the references show the papers in which the data were originally published.
dThe source size was constrained to be <13 arcsec in the E–W direction.
eWith uv-tapering applied.
fFlux measurements derived from multiple images obtained over a period of 12 years, with 2002 being the mean year.
References – (0) unpublished archival data, (1) Wilson & Meurs (1982), (2) Edelson (1987), (3) The NRAO VLA Sky Survey (NVSS) catalogue, Condon et al.
(1998). (4) Thean et al. (2001), (5) The Faint Images of the Radio Sky at Twenty-cm (FIRST) Survey catalogue, Becker et al. (1995), (6) Hodge et al. (2011),
(7) Ulvestad & Wilson (1984), (8) Kukula et al. (1995), and (9) Kinney et al. (2000); Schmitt et al. (2001).

3 A NA LY SES AND DISCUSSION

3.1 Kiloparsec to parsec-scale radio morphology

Our new multi-frequency VLA images (Fig. 1) reveal a single, un-
resolved (or marginally resolved) compact radio core component at
all observed frequencies. These are consistent with earlier published
radio images of Mrk 590 on these scales (references can be found in
Table 4). At both 1.3 and 1.8 GHz, we also detect extended compo-
nents at a radius of about 2 arcsec (∼1 kpc) and 6 arcsec (∼3 kpc)
from the core. These extended components are spatially coincident
with two ring-like structures of molecular gas at similar radii seen
in 12CO(3–2) line images (Koay et al. 2016), likely associated with
star formation processes within the ring. We do not discuss these
extended components further in the present paper.

In both of the VLBA images (Fig. 2), we detect a single-core
component; fitting a Gaussian profile to the images reveals that the
core emission is marginally resolved at 1.6 GHz and unresolved at
8.4 GHz (beam deconvolved source sizes, or upper limits thereof,
are shown in Table 3). We confirm that the sub-parsec and parsec-
scale core components, detected by the VLBA at 8.4 and 1.6 GHz,
respectively, fully account for the flux densities of the unresolved
core radio emission as measured by the lower angular resolution

VLA observations at these frequencies. Our new VLA and archival
A-configuration VLA core flux densities above 1.6 GHz are thus
likely dominated by emission from the sub-pc to pc scale core
components. On 1 to 10 mas scales (corresponding to linear scales
of ∼0.5 pc and 5 pc), we still do not detect the presence of extended
jet-like structures in Mrk 590.

3.2 Origin of radio emission in Mrk 590

We now examine the origin of the radio core emission in Mrk 590
based on the radio spectral indices, brightness temperatures and
ratios of the radio to X-ray luminosities.

Thean et al. (2001) estimate the spectral index of Mrk 590 to be
α8.4

1.6 = −0.32 (for Sν ∝ να) between 1.6 and 8.4 GHz, using flux
measurements separated by three years in the 1990s. This is consis-
tent with α4.9

1.4 = −0.32 estimated by Edelson (1987) using concur-
rent measurements in 1983 but with a much larger 90 arcsec beam.

From our new near-simultaneous VLA observations with better
frequency sampling, we obtain a steep spectral index of α1.3

0.3 = −0.8
between 0.3 and 1.3 GHz (Fig. 3). This steep spectrum is consistent
with non-thermal, optically thin synchrotron emission, most likely
originating from supernova remnants in the host galaxy, where the
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Figure 3. The radio spectral energy distribution of Mrk 590 at different
epochs, using only flux densities from VLA observations in A-configuration
(both archival and new), plus MERLIN and VLBA observations. We note
that the VLA flux densities were obtained from images with frequency-
dependent beam sizes. However, the VLBA fluxes (magenta stars) are com-
parable to that measured with the VLA in A-configuration in 2015 (blue
triangles), indicating that the VLA fluxes are dominated by the emission
from the central few parsecs, such that the effects of the different beam sizes
are negligible above 1.4 GHz. We observe a decrease in the flux densities
between the 1990s (black squares) and the year 2015 (blue triangles), most
notably at 1.4 GHz.

beam at 0.3 GHz encompasses the inner star-forming molecular
ring of ≈2 arcsec radius detected by Koay et al. (2016).

Between 1.8 and 8.4 GHz, the spectral index flattens to α8.6
1.8 =

0.02 (Fig. 3), based on the 2015 VLA integrated flux densities.
From the VLBA flux densities, we obtain α8.4

1.6 = 0.03. We also
estimate the rest-frame brightness temperatures from the VLBA
flux densities, using the following equation for elliptical sources
(Ulvestad, Antonucci & Barvainis 2005):

Tb = 1.8 × 109(1 + z)

(
Sν

1 mJy

) ( ν

1 GHz

)−2
(

θmajθmin

mas2

)−1

K,

(2)

where θmaj and θmin are the major and minor axes of the source, as
estimated from the fit of the elliptical Gaussian function to the core
component. From the source sizes in Table 3, we obtain Tb = 6 ×
107 K at 1.6 GHz and Tb = 3 × 108 K at 8.4 GHz. The brightness
temperatures of H II regions and supernova remnants in star-forming
regions do not exceed 105 K (Condon 1992), so the emission must
originate from the AGN itself. Additionally, if one assumes that
the total 1.6 GHz VLBA flux density is dominated by supernova
remnants, it implies a star formation rate of SFR(M∗ ≥ 5 M�) ≈
1 M� yr−1 (following Condon 1992). This inferred star formation

rate far exceeds the upper limit of ∼10−4 M� yr−1 estimated based
on constraints of the H2 gas mass in the central 150 pc of Mrk 590
(Koay et al. 2016).

In its present accretion state, the low bolometric luminosity of
Mrk 590 (Lbol/LEdd ∼ 10−3, Table 5) suggests that the black hole
may be accreting via ADAFs (Narayan et al. 1998), which are
radiatively inefficient. However, thermal emission from ADAFs can
be ruled out as the dominant source of the radio emission, due to the
high brightness temperatures, as discussed above. Additionally, the
radio luminosity of thermal emission from ADAFs can be estimated
as (Yi & Boughn 1998):

LR = 7 × 1035

(
Mbh

107 M�

) (
LX

1040 erg s−1

)0.1 ( ν

15 GHz

)
erg s−1

(3)

which predicts a 8.4 GHz radio luminosity of LR ∼ 1036 erg s−1 for
an observed X-ray luminosity (2–10 keV) of LX = 2.6 × 1042 erg s−1

(Table 5). This is two orders of magnitude lower than our observed
VLBA 8.4 GHz radio core luminosity of ∼1038 erg s−1.

Free–free emission from an extended accretion disc or the ionized
inner edge of the dusty torus, as seen in VLBI images of the obscured
AGN NGC 1068 (Gallimore, Baum & O’Dea 1997), is also ruled
out based on the high Tb values in Mrk 590.

The high brightness temperature of 108 K at 8.4 GHz suggests
a non-thermal origin of the radio core emission. The flat spec-
trum between 1.8 and 8.4 GHz is consistent with self-absorbed
synchrotron emission from multiple optically thick components.
Although the estimated brightness temperatures are not as high
as required (Tb � 109 K) for synchrotron self-absorption, we note
that our estimated Tb values are lower bounds due to the limited
VLBA angular resolution. To be consistent with synchrotron self-
absorption, the total ≈3 mJy flux density at 8.4 GHz must originate
from a region no larger than 0.1 pc (∼104 gravitational radii) in
size, such that Tb ∼ 109 K. This is consistent with radio source
sizes of 0.05 to 0.2 pc inferred from the brightness temperatures of
flat-spectrum radio cores in other nearby Seyfert galaxies (Mundell
et al. 2000). This synchrotron-emitting component appears to be-
come optically thin above approximately 8.4 GHz, since the spectral
index steepens again to α17

8.6 = −0.4. This is supported by the fact
that Edelson (1987) measured a slightly steeper spectral index of
α20

5 = −0.54 between 5 and 20 GHz for Mrk 590 from contempo-
raneous observations in the year 1983.

This non-thermal radio emission at sub-pc scales could originate
from a compact radio jet that is unresolved even in the VLBA
images. If the emission originates from a jet, the optically thin
component of the radio SED (above 8.4 GHz) may correspond
to emission from the base of the jet. The presence of a radio jet
in Mrk 590 would also be consistent with the hypothesis that low-
luminosity AGNs and LINERs are accreting in the hard state (Nagar
et al. 2001, see also Section 3.3.3 of this present paper), and as

Table 5. X-ray fluxes and accretion properties of Mrk 590.

Year Instrument Energy range FX
a Ref. Lbol/LEdd

b log10(LR/LX)c

1984 EXOSAT 2–10 keV 27.0 ± 2.7 1 0.061 −5.2
2015 Swift 2–10 keV 2.60 ± 0.55 2 0.006 −4.3

aX-ray continuum flux in units of 10−12 erg s−1 cm−2.
bEstimated using Lbol = 10LX (Vasudevan & Fabian 2007). The uncertainties are not included as these are crude estimates.
cThe values of LR = νLν are derived using the 5 GHz radio flux densities measured by the VLA in 1982 and in 2015. The uncertainties
are not included as these are rough estimates.
References – (1) Turner & Pounds (1989). (2) Lawther et al. (in preparation).
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such would contain a jet as seen in hard-state Galactic black hole
binaries (Fender 2001). Gupta, Mathur & Krongold (2015) detect
high-velocity (∼0.1c) X-ray absorbers in Mrk 590 at distances of
10−4 pc from the black hole, indicative of ultra-fast outflows. They
speculate that these outflows could be a ‘failed jet’ (i.e. a jet that
dissipates before it leaves the central few pc), arguing that the
velocities are too large (relative to the observed luminosities) to
be winds driven solely by radiation pressure.

Self-absorbed non-thermal emission can also be produced by
magnetized coronal winds originating from the AGN accretion disc
(Laor & Behar 2008). In coronally active stars, there is a strong
correlation between the radio luminosity, LR, and X-ray luminosity,
LX, where log(LR/LX) ∼ −5 (Güdel & Benz 1993). Due to similar
correlations observed by Laor & Behar (2008) in the Palomar–
Green (PG) radio-quiet quasar sample and by Behar et al. (2015) in
a sample of seven radio-quiet Seyfert galaxies, these authors pro-
pose that both the radio and X-ray emission in radio-quiet AGNs
arise from activity in the disc-corona. Radio-loud quasars typically
have higher values of log(LR/LX) � −4.5 relative to radio-quiet
quasars (where log(LR/LX) � −4.5; Terashima & Wilson 2003),
likely due to contributions from the extended jet emission in ad-
dition to the coronal emission in the former. Panessa et al. (2007)
find a similar dichotomy between nearby radio-quiet Seyferts and
low-luminosity radio galaxies. We derive the values of LR/LX for
Mrk 590, using the 2–10 keV X-ray fluxes as measured by EXOSAT
in 1984 and Swift in 2015, as well as the corresponding 5 GHz radio
flux densities with the minimum time gap relative to these two X-ray
measurements (see Table 5). We find that in the 1980s and in 2015,
log(LR/LX) ∼ −5, consistent with the radio emission in Mrk 590
originating from coronal activity. However, we cannot rule out the
presence of a weak jet, since some AGNs with log(LR/LX) � −5
do contain resolved jet-like features in their radio images (Panessa
& Giroletti 2013). It is also entirely possible that the core radio
emission in Mrk 590 originates from both coronal winds and jets.
In fact, these two forms of outflows may even be equivalent and in-
distinguishable in Seyfert galaxies with unresolved compact cores
(Kharb et al. 2015). Some models, for example, postulate that the
disc-corona itself forms the base of the jet (Beloborodov 1999;
Merloni & Fabian 2002).

Higher angular resolution VLBI observations at higher frequen-
cies can provide stronger constraints on the size of the radio-emitting
region, and determine if there are sub-pc scale jets in Mrk 590.

3.3 Nuclear radio variability

As described by Denney et al. (2014) and summarized in Sec-
tion 1.1, Mrk 590 exhibited an order of magnitude increase in the
optical-UV continuum, broad-line (Hβ) fluxes from the 1970s to
the early 1990s. The optical-UV (both continuum and line) fluxes
then decreased by two orders of magnitude or more from the 1990s
to the present. We now investigate if we observe any radio flux
variability in Mrk 590 over the same period.

3.3.1 Is Mrk 590 variable at radio frequencies?

We show the archival, published and newly obtained radio flux
densities of Mrk 590 at 1.4, 4.9 and 8.4 GHz as a function of time in
Fig. 4. For the 2015 VLA observations, we select the basebands for
which the centre frequencies most closely match that of the earlier
observations, i.e. 1.3, 5.0 and 8.6 GHz. Interpreting the radio flux
variability of Mrk 590 from this figure is complicated by the wide

Figure 4. Multi-frequency archival and newly observed radio core flux
densities measured from the 1970s to 2015 by the WSRT, MERLIN, and
VLA. The sizes of the individual symbols scale (logarithmically) with the
full width at half-maximum diameter of the clean beam of each observation.
The instruments (plus array configurations for the VLA) responsible for
obtaining each measurement at 1.4 GHz are also explicitly shown to improve
clarity.

range of beam sizes (i.e. angular resolutions) achieved with different
interferometers in different array configurations. In fact, some of the
flux variations can be attributed to larger beams (shown as larger
symbols) with higher surface brightness sensitivities picking up
more emission undetected in higher angular resolution observations.
There are, however, hints of real astrophysical variability in the radio
light curves of Mrk 590 consistent with the pattern of variability
observed at optical-UV and X-ray frequencies over the past four
decades:

(i) The 1.4 GHz flux density increases by 28 per cent, from
4.9 mJy as measured by the VLA in A-configuration in 1983 to
6.3 mJy as measured by MERLIN in 1995. This is in spite of
MERLIN having a much smaller beam size (i.e. lower sensitivity
to extended, low surface brightness components) than the VLA in
A-configuration (see Table 4). There also appears to be a similar in-
crease in flux density between the years 1983 and 1993 as observed
by the VLA at much lower angular resolutions in D-configuration
(large circle symbols in Fig. 4).

(ii) There is a 29 per cent decrease in flux density between
1.4 GHz MERLIN observations in 1995 and 1.4 GHz observations
in 2008 obtained from the VLAS82 catalogue (Hodge et al. 2011).
Comparing the same MERLIN observations with that of our 2015
VLA observations at 1.3 GHz, we measure a 46 per cent (∼4σ )
flux decrease. Again, this is in spite of the larger beam sizes of the
2008 and 2015 VLA A-configuration observations relative to the
MERLIN beam size.

(iii) At 4.9 GHz, we observe a 20 per cent increase in the flux
densities between 1982 and 1995, and a 34 per cent (∼3σ ) decrease
in the flux densities between 1995 and 2015. Resolution effects can
be ruled out, since the flux measurement in 1995 was obtained using
MERLIN with a smaller beam size (even with uv-tapering applied)
compared to the VLA measurements in 1982 and 2015.

(iv) The 8.4 GHz flux densities show a 13 per cent decrease be-
tween the years 1998 and 2015, with both measurements having
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comparable beam sizes. We note that this decrease is insignificant
when considering our adopted conservative uncertainties, and the
data are consistent with there being no variability at the 1σ level.

(v) At 1.4 and 4.9 GHz frequencies, the 2015 VLA flux densities
are generally lower than the VLA flux densities obtained in the
1980s (both obtained in the A-configuration and thus have compa-
rable beam sizes). This is consistent with the present optical-UV
fluxes being lower than corresponding fluxes measured in the 1980s,
when the fluxes were increasing in strength. This can also be seen
in Fig. 3, where the 2015 VLA flux densities are typically lower
than the flux densities measured in the 1980s and 1990s.

Overall, we observe a slight increase in the radio flux densities
between the 1980s and 1990s, and larger amplitude decreases in
the flux densities between the 1990s to the present, consistent with
the trends observed at optical-UV and X-ray frequencies. While the
flux variations at 1.4 GHz are significant, the variations at 4.9 and
8.4 GHz are either marginal or insignificant when considering our
conservative estimates of the flux uncertainties (Section 2); the
significance of these variations may be higher if the systematic
calibration uncertainties are overestimated, very likely the case at
4.9 and 8.4 GHz. In any case, the correlated variations at these three
radio frequencies suggest that the variability is real.

We note that Mrk 590 was missed in a search for variable radio
sources in SDSS Stripe 82 (Hodge et al. 2013), through comparisons
of 1.4 GHz flux densities in the FIRST and the VLAS82 catalogues.
Their search criteria cover unresolved sources with flux density
variations >5 per cent, both of which are fulfilled by Mrk 590.
They, however, include in their list of variable sources only those in
which the flux density increases between the earlier FIRST survey
measurements and the VLAS82 measurements in 2008 to avoid
contamination by variability induced by the smaller VLAS82 beam
size relative to the FIRST survey. The flux density of Mrk 590 was
decreasing between the FIRST and VLAS82 epochs.

3.3.2 Instrumental biases, interstellar scintillation
or intrinsic variability?

We examine here whether the overall lower flux densities seen in
our 2015 VLA observations relative to earlier observations are due
to biases arising from a combination of flux averaging over larger
bandwidths and non-zero source spectral indices. The 1.4 GHz con-
tinuum flux densities may also be biased towards higher values in
smaller bandwidth observations (100 MHz for historical VLA data)
relative to larger bandwidth observations (512 MHz in the 2015
VLA observations) due to the presence of narrow H I line emission.
We examined the 2015 VLA flux densities obtained using band-
widths and centre frequencies similar to that of the earlier archival
data sets, and found that they were still lower in amplitude. Com-
paring the 2015 VLA flux densities obtained using these smaller
‘matched bandwidths’ with those averaged over larger bandwidths
presented in Table 2 reveals no significant differences (less than a
few per cent) in their values. As can be seen in Fig. 3, the spectral
shape is relatively flat between 1.4 and 8.4 GHz, and the temporal
flux variations are much larger than the expected spectral flux vari-
ations within the 1 GHz bandwidths of the observations. Therefore,
the lower flux densities as derived from our 2015 VLA observations
cannot be attributed to the use of different bandwidths at different
epochs and H I contamination at 1.4 GHz in older flux measure-
ments.

Although we cannot definitively rule out interstellar scintillation
(ISS), we argue that it is unlikely to be the cause of the observed

radio continuum variations. At mid-Galactic latitudes (b = −55◦

for Mrk 590) compact extragalactic radio sources are known to ex-
hibit strong refractive ISS at frequencies � 1 GHz (Rickett 1986).
If the ∼30 per cent to 46 per cent variations observed in Mrk 590 at
1.4 GHz are due to strong refractive ISS, a compact component with
an angular size of ∼50 µas (0.02 pc) would be required, following
the equations given by Walker (1998). However, the expected scin-
tillation time-scales would be of the order of ∼1 day for such a
compact source, rather than on the ∼10 yr time-scales seen here.
Although it is possible that such a compact component of Mrk 590
could in fact be scintillating at these time-scales, and was missed
due to the sparse time-sampling, it is highly unlikely considering the
similarity in trends observed in the radio and optical-UV continuum
light curves. We also do not see any single data point in Fig. 4 ex-
hibiting variability contrary to that expected from resolution effects
and the slow increase and decrease consistent with the optical-UV
continuum, which would require variability arising from stochastic
processes on shorter time-scales (days to months) to be invoked. At
5 to 8 GHz, weak ISS dominates the radio variability of compact
µas radio sources on time-scales of hours, days, and weeks, but
the typically �10 per cent variations (Lovell et al. 2008; Koay et al.
2011) due to weak ISS are smaller than the 20 per cent to 30 per cent
variations observed in Mrk 590 at 4.9 GHz. Follow-up monitoring
of the intra and inter-day variability of Mrk 590 at these frequencies
will be needed to rule out (or confirm) the presence of ISS with these
amplitudes. Such observations can also place further constraints on
the size of the radio-emitting region (e.g. Walker 1998).

The decades-long time-scale of the observed radio variations
is consistent with intrinsic variability of a source no larger than
3 parsec, based on light-travel time arguments, and as corroborated
by the VLBA images of the compact radio core. While the radio
variability (particularly at 1.4 GHz) shows trends that are similar to
that observed at optical-UV and X-ray frequencies, also suggesting
an origin intrinsic to the source, these radio flux variations are
marginal in comparison to the order of magnitude flux variations
observed at the higher optical-UV and X-ray frequencies. Radio
flux variations at similarly low (20 to 50 per cent) levels have been
observed on time-scales of weeks to years in some nearby Seyfert
galaxies (Mundell et al. 2009), including NGC 5548 (Wrobel 2000)
and NGC 4051 (Jones et al. 2011). In the case of NGC 4051, the
radio variability is also much lower in amplitude than the variability
observed in X-rays (Jones et al. 2011). The percentage of radio
variability in Mrk 590 could be higher if the variable component
is responsible for only a fraction of the total flux measured by the
VLA and the VLBA.

3.3.3 What is happening in Mrk 590?

The similarity in trends between the radio flux variations and the
line and continuum variations observed at optical-UV and X-ray
frequencies provides further evidence that the changing-look be-
haviour in Mrk 590 is caused by variable accretion, rather than
obscuration by an intervening cloud of gas and dust. It also con-
firms the physical connection between the radio-emitting outflow
(either a jet or a coronal wind) and the accretion process.

The increase in accretion rate between the 1980s and 1990s may
have triggered a flare or the temporary acceleration of the bulk
flow, producing internal shocks within the AGN jet or wind (e.g.
Fender, Belloni & Gallo 2004; Jamil, Fender & Kaiser 2010) that
subsequently expanded and faded as the accretion rates decreased.
We do not significantly detect any other ‘blobs’ in our VLBA images

MNRAS 460, 304–316 (2016)

 at U
niversity of A

rizona on N
ovem

ber 29, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


314 J. Y. Koay et al.

Figure 5. The best-fitting Fundamental Plane of black hole activity (solid
line) as given by Körding et al. (2006), for the sample containing only
Galactic black holes accreting in the low/hard state and LINERs (circles).
We include Mrk 590 when it was accreting at a higher rate in 1983 (star
symbol), and in its low 2015 state (square symbol). Due to the lack of
2–10 keV X-ray flux measurements in the 1990s, we show only the radio
luminosity of Mrk 590 observed in 1995 (dashed horizontal line).

in addition to the central core component that may confirm the
ejection of a new component by the nucleus. This may be due to the
fact that Seyfert jets and outflows are known to be typically non-
relativisitic (e.g. Middelberg et al. 2004), such that new components
may not have propagated beyond a distance of 1 pc within the past
few decades. The outflow could also be aligned close to the line of
sight, such that the proper motions are negligible.

For an optically thick source, one expects to observe stronger
flux variations at higher frequencies which probe the innermost
regions of the emitting region (Kovalev et al. 2008). Intriguingly,
the radio flux density variations in Mrk 590 are most prominent
at 1.4 GHz, and are less significant at higher frequencies. This
could be caused by the emergence and fading of a new outflowing
component that is optically thin and has a steep spectrum, with
a spectral turnover frequency at �1 GHz. This is consistent with
the steeper spectral index of α8.4

1.6 = −0.32 measured in the 1990s
(Thean et al. 2001), compared to the recently measured flat spectral
index of α8.4

1.8 = 0.03 in the present. Another possible explanation is
the increase in synchrotron self-absorption between the 1990s and
the present, causing the large decrease in flux at lower frequencies.
We note also that the 8.4 GHz flux density was measured in 1998,
whereas the flux densities at 1.4 and 5 GHz were obtained in 1995.
The 8.4 GHz flux density may therefore already have decreased
further by 1998, resulting in lower variability amplitudes when
compared to the 2015 measurements (more so if the 8.4 GHz light
curve leads the 1.4 GHz light curve due to opacity effects.).

One interesting question to ask is whether the variability of
Mrk 590 may be analogous to any of the different types of variabil-
ity observed in Galactic black hole binaries, e.g. correlated X-ray
and radio variability within the low/hard state, or a state transition
between radiatively efficient (high/soft) accretion into radiatively
inefficient (low/hard) accretion (e.g. Fender & Gallo 2014, and ref-
erences therein). The best-fitting Fundamental Plane of black hole
activity as derived using a sample containing only hard state Galac-
tic black holes and LINERs (Körding, Falcke & Corbel 2006) is
shown in Fig. 5, with the observed values for Mrk 590 also added
to the figure. The X-ray and radio luminosities of Mrk 590 during

the 1980s and in the present lie close to this relationship (within
the 0.12 dex intrinsic scatter of the observational data), consistent
with hard state accretion in both of these epochs. The correlated
radio and X-ray variability over the past few decades, as described
in Section 3.3, is also typical of black holes in the hard state, for
which both the X-ray and radio fluxes are believed to be dominated
by emission from a quasi-steady jet.

The high accretion rate of Lbol/LEdd ∼ 0.1 (Peterson et al. 2004)
and the presence of a strong power-law continuum component in
the optical-UV spectra in the 1990s (Denney et al. 2014) suggest
that the AGN may have transitioned into the high/soft state tem-
porarily at the time. This optical-UV continuum emission from
the AGN (the so-called ‘big blue-bump’; Sanders et al. 1989) is
often associated with thermal emission from a geometrically thin
accretion disc (Shakura & Sunyaev 1973), observed as soft X-ray
emission in Galactic black holes in the high/soft state. The nearly
horizontal trajectory of Mrk 590 in Fig. 5 between the 1980s and
the present, due to the stronger flux decrease in X-rays relative to
that of the radio flux, also hints at this possibility. Unfortunately,
there are no known measurements of the 2–10 keV flux of Mrk 590
in the 1990s when it was accreting at its peak. If the X-ray flux then
was significantly higher than that in the 1980s, Mrk 590 may have
deviated significantly from the Fundamental Plane relationship and
become radio-weak relative to the X-ray luminosity, as expected for
high/soft state accretion. This is because the radio luminosity did
not increase significantly (dashed horizontal line in Fig. 5). In such
a scenario, the higher amplitude radio flux densities in the 1990s
may be associated with a bright radio outburst or flare, similar to
that observed in Galactic black hole binaries during transitions from
low/hard accretion states to high/soft states (e.g. Fender et al. 1999,
2004). The flux measurements in the 1990s may have been obtained
at the tail end of the flare, such that it has evolved from being op-
tically thick to being optically thin (van der Laan 1966) as a result
of expansion, explaining the more significant flux differences at
1.4 GHz relative to the higher frequencies. If such a state transition
occurred, such that the outflows are also transitioning from being
jet-dominated to being wind-dominated (e.g. Fender et al. 1999),
it may explain why the observational data are consistent with the
emission arising from both coronal winds and jets. However, the ex-
pected time-scale of such state transitions is ∼105 years when scaled
linearly from state transitions in Galactic black holes (Sobolewska
et al. 2011), inconsistent with the time-scale of the changing-look
behaviour in Mrk 590. The scaling of variability time-scales be-
tween stellar mass black holes and supermassive black holes would
have to be non-linear if indeed state transitions in AGNs occur on
such short time-scales (as also noted by Schawinski et al. 2010),
contrary to that suggested by other studies (e.g. McHardy et al.
2006). We note that van Velzen et al. (2016) recently observed a
possible accretion state transition on a time-scale of a few months
during the tidal disruption event (ASASSN-14li) of a supermassive
black hole.

Should the accretion rate of the AGN in Mrk 590 increase signif-
icantly again, our baseline measurements will be crucial for com-
parisons with future X-ray and radio data to examine if this AGN
indeed transitions between different modes of accretion. Flux mon-
itoring with better time sampling will provide better light curves for
determining the relative time-lags between components emitting at
different frequencies to constrain the relative sizes of the emission
regions. Better frequency sampling of multi-epoch data will pro-
vide a clearer picture of the spectral changes and possibly constrain
physical models describing the flux variations. Follow-up imaging
with VLBI (5 to 10 years from now) may reveal possible changes
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in the parsec-scale morphology, e.g. resulting from newly ejected
synchrotron emitting components travelling beyond the central 1 pc.

4 SU M M A RY

We have conducted the first investigation into the radio properties of
a changing-look AGN by examining the parsec-scale morphology,
spectral shape, and variability of the radio continuum emission in
Mrk 590, a nearby Seyfert galaxy that has undergone a significant
decline in accretion rate during the past decade. Our main results
can be summarized as follows.

(i) We detect a parsec-scale radio core component with a flux
density of ≈3 mJy at both 1.6 and 8.4 GHz. The emission detected
on hundreds of pc to kpc scales in VLA images from 1.8 to 17 GHz
is dominated by emission from this component.

(ii) The flat spectrum (α8.4
1.6 = 0.03) and high brightness tem-

perature (Tb ∼ 108 K) of this compact radio-emitting region indi-
cates non-thermal, synchrotron emission from multiple, optically
thick source components. The radio to X-ray luminosity ratio of
log(LR/LX) ∼ −5 in Mrk 590, similar to that observed in coronally
active stars, suggests that magnetized coronal winds may be respon-
sible for the radio emission, although a compact radio-emitting jet
is also consistent with the data. The high brightness temperatures
also rule out supernova remnants and H II regions, as well as thermal
emission from ADAFs or the inner part of the AGN torus, as the
dominant source of radio emission in Mrk 590.

(iii) We discover a 28 per cent flux increase between the years
1983 and 1995 and a 46 per cent flux decrease between 1995 and
2015 at 1.4 GHz. These variations are also seen (marginally, at
13 per cent to 30 per cent levels) at 5 and 8.4 GHz. They are
consistent with trends observed at optical-UV and X-ray wave-
lengths. Such correlated variability provides further evidence that
the changing-look behaviour in Mrk 590 is caused by variations in
the accretion properties as opposed to obscuration of the accretion
disc and BLR by dusty clouds. The radio flux variations may be
caused by a flare as a result of the increased accretion rate, leading
to the emergence of shocks within the outflow (i.e. jet or wind), that
eventually expanded and faded in luminosity as the accretion rate
declined.

(iv) The radio and X-ray luminosities of Mrk 590 in the 1980s
and in 2015 lie within the 0.12 dex observational scatter of the
Fundamental Plane of black hole activity (Körding et al. 2006)
for objects accreting in the low/hard state. The AGN may have
transitioned briefly into the high/soft state in the 1990s when it
was accreting at its peak (∼10 per cent of the Eddington limit), as
evidenced by the presence of an optical-UV continuum component
(Denney et al. 2014) associated with a thin accretion disc.

This study highlights the importance of including radio data in
multi-wavelength observations of changing-look AGNs, and more
generally for studies of variable accretion in AGNs. However, the
sparse time sampling of available archival data for Mrk 590 pre-
cludes more detailed studies of the coupling between the various
physical components (BLR, accretion disc, corona, and outflows)
emitting at different wavelengths. Therefore, high cadence multi-
wavelength monitoring of AGN variability, such as radio and X-ray
monitoring in support of decades-long reverberation mapping pro-
grammes (e.g. King et al. 2015; Shen et al. 2015), will provide better
characterizations of the time delays between the radio, optical-UV
and X-ray light curves in a large sample of sources, including that
of any changing-look AGNs that may be uncovered.
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