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We report new EVN, e-MERLIN and WSRT observations of a recartburst in the polar ring
galaxy NGC 660. First reported in 2013, a significant incedasrightness has occurred within
the galaxy, along with significant spectral changes. A@hiLA, MERLIN and VLBA observa-
tions show a ring of starburst-related emission in the mask of the galaxy, but no evidence for

a compact radio core prior to 2010. Our new observations sigmificant increase in brightness
at low resolution (WSRT), and a new compact object locateat tlee dynamical centre of the
galaxy (e-MERLIN). High resolution imaging with the EVN shis this object consists of mul-
tiple spatial components. Spectra have been obtained &Hz4with all three arrays, showing

a consistent picture of multiple narrow ldbsorption components seen against the new bright,
compact core. The evidence points to a new period of AGN iagtivthis galaxy.
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1. A new radio sourcein NGC 660

NGC 660 is a polar ring galaxy with a LINER-type nucleus (lamisation nuclear emission-
line region), located~13 Mpc away in Pisces. With a stellar population in the ringnested to
have an age of a few billion years [1], the galaxy has beenstetlied by many authors, but has
shown no sign of an active nucleus, and radio emission fravigusly-known compact sources in
the disk appears to be purely starburst-related.

At radio wavelengths, NGC 660 was seen to flare spectacuartyetime between 2008 and
2012 and has been reported to have developed a new contirawroe swith a GHz-peak spectrum
and a peak flux density 6$0.5 Jy at 5 GHz [2]. High-resolution imaging has reportedilgvgn this
increase to be due to a new source in the core, the nature ofivighcurrently unclear. Simultane-
ously, OH emission and absorption in both the ground stdecl) and excited (6-cm) lines has
developed, and $CO absorption is seen against the new continuum source [2].

Archive VLA (Very Large Array) data at 8.4 GHz from 1986 [3]®ks a ring of starburst-
related emission in the main disk of the galaxy, but no comeatssion at the position of the new
radio source. Archival data we have obtained from othestelpes also show no evidence for a
central radio object in this galaxy prior to 2010. Recently mave obtained new 1.4-GHz obser-
vations with the WSRT (Westerbork Synthesis Radio Telesgop-MERLIN (electronic Multi-
Element Remote Linked Interferometer Network) and the EXENropean VLBI Network), and
examined archival radio andhandradata in order to investigate the nature of this source. Here
we describe our current results and draw some conclusiottsedikely cause of the event.

2. New observations

We obtained service-mode spectral line observations WehWWSRT at 1.4 GHz during 2013.
These provide a direct comparison with archival WSRT daienf2009, and obtaining more than
one observation allowed us to look for temporal changes ort §ime-scales. e-MERLIN obser-
vations were carried out at both 1.4 and 5 GHz in May and Jui8.2The observations used all
six telescopes of the standard array, with 3C286 and OQ2#8eaftux and point calibrators re-
spectively, and J0143+1215 as the phase calibrator. Adtndlue observations were carried out in
continuum mode, the wide bandwidth of the new system (512 Midabled us to investigate the
radio spectral energy distribution of the new object. M@®ent observations have been carried out
utilising the spectral line capabilities of the new cortefabut these observations are not discussed
here. A 12-hour EVN observation was carried out on Octob#r 3013 using 11 telescopes of the
array. 3C84 and 3C120 were used as bandpass calibratord0a#8+1215 was again used as the
phase calibrator. The data were correlated in two passesyibh eight sub-bands of 32 channels
each for continuum, the other with one sub-band of 1024 aklariar spectral line analysis.

3. Archival data

In addition to the new radio data obtained during 2013, weeteso examined archival data
from several telescopes. MERLIN observations from 1998o#t 4.4 and 5 GHz have been re-
processed, and two VLBA (Very Long Baseline Array) obseorat from 2001 (5 GHz) and 2010
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(8.4 GHz) have also been examined. The 2001 VLBA observatmrsisted of a total of three
hours of data split over two hour angle ranges, whilst theD2fdta is two snapshot observations
of eight minutes each, separated by 96 days. We have alsmecegsed the 1986 VLA A-array
8.4-GHz data from [3]. Th&handraarchive also contains observations of NGC 660. We have
examined four epochs of data from January 2001, Februarg,20@ November & December
2012. Unfortunately the pre-outburst data totals oklyks, insufficient to make a meaningful
image. The post-outburst data total45 ks, allowing us to make an image and extract a spectrum.

4. Observational results: atime-line

The initial report of the flare in NGC 660 states that the elmgtan some time between ob-
servations made with Arecibo in 2008 and 2012. Much of théable archive data was obtained
before 2008, and all of the new observations were taken thifteevent was first reported in early
2013. Some of the archive data was taken between these tes, dmwever, so may provide a
better constraint on when the event began.

The 1986 VLA data show radio emission from the starburst gtigcture within the main
disk of the galaxy. There is one prominent source, a knowmmsigya remnant, visible in the
north-eastern end of the ring, located some 2.5" from thee@f the galaxy where the new object
is located. While there are a handful of other weak sourcesyadl as some low-level extended
emission, within the ring structure, there is no convincavidence for a source at the position of
the new radio source.

In 1998 NGC 660 was observed at both L- and C-band with sist¢elges of MERLIN. The
1.4-GHz dataset shows diffuse emission from the starbimgt with a velocity gradient across the
disk showing textbook disk rotation; no strong radio souscapparent at the centre of the ring.
Only one object is visible in the field at 5 GHz, the supern@mmant mentioned above. No flux
is detected at the position of the new source to-ad8limit of 0.3 mJy/beam.

The 2001 VLBA data shows no emission at 5 GHz to-adlimit of 0.41 mJy/beam. The field
of view of the observation is too small to contain the supearremnant seen in the VLA data.

The 2001 and 200@handradata are also not very helpful, consisting of orly ks combined.
The very low count rate (B0+ 0.10 x 10~2s1) meant that the exposure time was insufficient for
useful analysis.

Archive WSRT observations from December 2009 have been iexahid]. These observa-
tions were made at 1.4 GHz and include spectroscopy of tHmél The resolution of the WSRT
is insufficient to resolve the galaxy, but a point source tecked with a strong Habsorption sig-
nal. Because the galaxy is unresolved, we cannot be certagther the outburst was already in
progress by the time of this observation. These obsenatidihbe discussed in more detail in [4].

Despite consisting of single eight-minute scans, both@MhBA observations in 2010 detect
a compact (Ix 2 mas) object at the centre of the galaxy. The v coverage is insufficient to
detect any spatial structure within the source, but a newpemtobject is clearly present in the
data on both occasions. In the first epoch on September 18i0, 280 years before the first
reported detection of a brightening of the galaxy in theagatlie object had a peak flux density of
18.2 mJy/beam. The second epoch, on December 21st, shovéldxtdensity to have increased
to 36.0 mJy/beam.
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1.5 and 5 GHz e-MERLIN May/June 2013
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Figure 1. Peak flux measurements per sub-band from e-MERLIN obsengatnade at 1.5 and 5 GHz
in May/June 2013-f). The lines shows least squares fits to the e-MERLIN datdy ®6tid black, dashed
black and dotted grey lines corresponding to a power lana(ppwer law with free-free absorption by a
foreground screen (i), and a self-absorbed Bremsstragturdel (iii).

The 2012Chandraobservations consist ef 52 ks of observing time. While the low count rate
of the earlier data do not allow for a comparison of pre- anstqotburst data, the observations
are still useful. There is extended diffuse X-ray emissiignad with the starburst disk of the
galaxy, spatially matching well with the L-band emissiorrsé the 1998 MERLIN data, although
the X-ray emission is more extended. A peak is seen at théigrosif the core, some 2-3 times
brighter than the surrounding X-ray emission, but it is eaclwhether this peak is due to the new
radio source since a comparison with earlier data is notilpless

Our new WSRT observations in 2013 show an increase in the #ogity of the galaxy com-
pared to the 2009 WSRT observations. They also show a sigmifdifference in the depth of the
Hi absorption signal, with the peak optical depth of the malncity component being more than a
factor of two greater than that measured in 2009, and theaapgpee of a new velocity component
at 900 km/s [4].

The e-MERLIN observations in May and June 2013 show a strengral continuum source.
Plotting the measured flux density in each sub-band (8 atridbhat C-band) shows the new radio
source to have a Gigahertz-peaked spectrum (GPS) with ap8akHz (Fig. 1).

The EVN data taken in October 2013 show a bright compact saairthe same coordinates
as the VLBA detections in 2010. While the VLBA data did notales the source, our new obser-
vations clearly show that the source now has structure orsoass [5] (Fig. 2).

5. Sowhat happened?

Our new radio observations have confirmed the presence ofaauko source in the centre
of the polar ring galaxy NGC 660, showing it to be a GPS source-MERLIN scales (Fig. 1),
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HI absorption against core and jet in NGC660
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Figure2: EVN results.Left Continuum image of the new core emission in NGC 660 showiegét-like
components. “Low" resolution (natural weighting; 280 mas) image of the new components in the core
of NGC 660 (grey scale), with contours from the “high" resn (uniform weighting; 1% 6 mas) image
overlaid. The data are contoured at (-1, 1, 2, 4, 8, 16, 32x64.)'36 mJy/beam, the greyscale range is -1.26
to 66.49 mJy/beam, and the peak flux in the map is 55.5 mJy/bRayht Spectrum against the core (black,
solid) and jet (grey, dashed) components of NGC 660. Thecatine marks 845kms' the systemic
velocity of the galaxy.

with multiple velocity components iniHabsorption, and an apparent core-jet morphology on VLBI
scales (Fig. 2). At Galactic coordinates (1447), the likelihood of a foreground Galactic flaring
event is low, and a flare of this magnitude so far from the Galgtane would be unlikely to have
escaped attention. The galaxy could be undergoing a pefiedt@mnced star-formation activity
related to the encounter which caused the ring structuresi@ndurst, although the 1.4 GHz power
detected in the EVN observations is significantly highentaay known individual radio supernova
or remnant. The radio results would require some 10 to 100ia radio supernovae within a
region of~ 1.1 pc in the space of a few years; a comparison with the welskngtarburst Arp220,
where the supernova rate is=2 per year across a region almost 400pc in size [6], sugdests t
this explanation is also highly unlikely. A transient tidisruption event is a possible explanation,
although the lack of X-ray data (which should show a huge péalty luminosity, variability by

a factor of~200, short rise time and long decay time, and an ultra-sofayXspectrum) makes
this explanation difficult to accept or rule out. The chagastics of the radio source point to a
new period of AGN activity as the most likely cause, turninG@l660 from a LINER to a low
luminosity AGN. Jets from LLAGN are more long-lived than #eofrom tidal disruption events,
so time will shed more light on the case. GPS sources regrasegarly stage in the evolution of
radio galaxies, with the expanding lobes still containethinithe host galaxy.
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6. Conclusions

We have confirmed the presence of a new radio source in theecgfnthe polar ring galaxy
NGC 660. Initial reports suggested that the outburst begdwden 2008 and 2012, but analysis
of archival data narrows this to between 2008.0 and 2010h& eFMERLIN observations at L-
and C-band show the source has a GPS radio spectrum withavéurat~3 GHz. High angular
resolution observations with the EVN show the source to kelved, with what appears to be a
bright core, along with a jet and possible counter-jet. i$1ls, as it appears to be, a new period
of activity in the nucleus, then the current apparent sizéhefstructure, together with the limits
on the date of the beginning of this period of activity, camegus an estimate of the expansion
speed. Assuming a distance to NGC 660 of 13 Mpc [7], then thmar@mt speed of the jet is
0.6 <v < 1.2c. Further observations are planned in order to: measurexihension speed, and
hence place a better constraint on when the activity begamjtar how the radio SED evolves
as the outburst progresses; further investigate the spédiate information which can be obtained
with such a strong, narrow line of sight through the disk &f gialaxy.
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