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Classical novae are the most common astrophysical thermonuclear
explosions, occurring on the surfaces of white dwarf stars accreting
gas from companions in binary star systems’. Novae typically expel
about 10~ * solar masses of material at velocities exceeding 1,000 kilo-
metres per second. However, the mechanism of mass ejection in novae
is poorly understood, and could be dominated by the impulsive flash
of thermonuclear energy’, prolonged optically thick winds® or bin-
ary interaction with the nova envelope®*. Classical novae are now
routinely detected at gigaelectronvolt y-ray wavelengths®, suggest-
ing that relativistic particles are accelerated by strong shocks in the
ejecta. Here we report high-resolution radio imaging of the y-ray-
emitting nova V959 Mon. We find that its ejecta were shaped by the
motion of the binary system: some gas was expelled rapidly along the
poles as a wind from the white dwarf, while denser material drifted
out along the equatorial plane, propelled by orbital motion®”. At the
interface between the equatorial and polar regions, we observe syn-
chrotron emission indicative of shocks and relativistic particle accel-
eration, thereby pinpointing the location of y-ray production. Binary
shaping of the nova ejecta and associated internal shocks are expected
to be widespread among novae®, explaining why many novae are
y-ray emitters’.

The identification of the y-ray transient J0639+0548, detected by
NASA’s Fermi Gamma-ray Space Telescope, with the classical nova
V959 Mon® was a surprise, because gigaelectronvolt y-rays are produced
by the inverse Compton mechanism, the pion production mechanism
or both’, requiring a population of relativistic particles which had not
been predicted or observed in normal classical novae. Gigaelectron-
volt y-rays had been reported from only one nova before V959 Mon, in
a system with an unusual Mira giant companion, dense circumbinary
material and, thereby, a strong shock interaction between the nova
ejecta and the surroundings'. The white dwarfin V959 Mon, however,
has a main-sequence companion and, therefore, a low-density circum-
binary environment'"'?,and so there is no apparent mechanism for dif-
fusive shock acceleration in an interaction with surrounding material.

The y-ray emission from V959 Mon was discovered on 2012 June 19
(day 0) and lasted ~12 d, showing a soft-spectrum continuum®. Little
is known about V959 Mon during the period of y-ray emission, owing
to its solar conjunction in the first few months of outburst, which pre-
vented optical observations; the transient was not even identified as a
nova until 56 d after y-ray discovery®. However, we obtained early radio
observations coincident with the Fermi detections using the Karl G.
Jansky Very Large Array (VLA), just 12 and 16 d after discovery (Fig. 1).

These observations span a frequency range of 1-6 GHz and show a flat
radio spectrum (z = —0.1, where S, o< v*; v is the observing frequency
and S, is the flux density at this frequency). This spectral index is much
more consistent with synchrotron radiation than the expected optic-
ally thick emission from warm nova ejecta’>"* (o = 2 is predicted and
observed in V959 Mon at later times; Fig. 1 and Extended Data Fig. 1).

Like gigaelectronvolt y-rays, synchrotron emission requires a popu-
lation of relativistic particles, and so we can use this radio emission as a
tracer of y-ray production that lasts longer and enables much higher
spatial resolution than do the y-rays themselves. The location of the -
ray-producing shocks was revealed by milliarcsecond-resolution radio
imaging using very-long-baseline interferometric (VLBI) techniques,
which are sensitive to high-surface-brightness synchrotron emission. VLBI
observations were achieved with the European VLBI Network (EVN)
and the Very Long Baseline Array, and spanned 2012 September 18 to
October 30 (91-133 d after y-ray discovery, 2-7 mas resolution; where
one milliarcsecond (1 mas) = 2 X 10"* cm at the distance of V959 Mon'};
Extended Data Table 3). The first VLBI epoch revealed two distinct knots
of emission separated by 36 mas, which we subsequently observed to
travel away from one another at an estimated rate of ~0.4 masd ™"
(Fig. 2a). In addition, a third radio component appeared in our imaging
from day 113. The brightest component was slightly resolved by the Very
Long Baseline Array on day 106 (Extended Data Fig. 2), and had a peak
brightness temperature, ~2 X 10° K, indicative of non-thermal emis-
sion (X-ray observations from around this time' imply that hot shocked
thermal gas can account for only <10% of the radio flux density seen
in the VLBI knots; Supplementary Information).

Observations made with the e-MERLIN array (54 mas resolution) just
before the first VLBI epoch shows that the compact VLBI components
were embedded in a larger-scale structure which was mostly extended
east-west (and not detected in the VLBI imaging, because these high-
resolution arrays with widely separated antennas are not sensitive to
such diffuse emission; Fig. 2b). This diffuse emission is interpreted as
bremsstrahlung from the bulk of the nova ejecta'>'*. Whereas the 5 GHz
flux density detected in our VLBI imaging was roughly constant or de-
clined with time, the flux density detected in the lower-resolution ob-
servations rapidly increased during this period (Fig. 1). The VLBI knots
comprised 19% and 9% of the total 5 GHz flux density on days 91 and
117, respectively, implying that over time the synchrotron emission be-
comes overwhelmed by thermal emission from the warm ejecta. Although
synchrotron radio emission has been detected from outbursting novae
with red giant companions and dense circumbinary material'*~*%, it has
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Figure 1 | Radio light curves and spectra of
V959 Mon. a, The multi-frequency light curve
(Extended Data Tables 1 and 2) is as expected for
expanding thermal ejecta, except at the earliest
times (<30 d) and lowest frequencies (<2 GHz;
Supplementary Information). The time of

optical identification is marked (hatched line).
The times corresponding to three select radio
spectra are marked with grey bars. b—d, Early-time
flat spectrum (16 d after Fermi discovery;

b), transitioning to an optically thick thermal
spectrum (day 145; ¢), and a late thermal spectrum
that is mostly optically thin (day 542; d). Error bars
denote 1o uncertainties. Downward-facing
arrows denote 3¢ upper limits.

Figure 2 | Radio imaging of

V959 Mon. a, Illustration of the
expansion of the compact radio
knots, with a high-resolution 5 GHz
EVN image from 113 d after y-ray
discovery shown in colour, and
contours representing the EVN
image from day 91. Contour levels
span 0.125-2 m]Jy per beam in steps
of 0.125m]Jy per beam. b, 5.8 GHz
e-MERLIN colour image of thermal
nova ejecta on day 87. The

compact VLBI knots from day 91 are
superimposed as contours, with
levels as in a. ¢, Components similar
to those in b, but one month later,
with a 36.5 GHz VLA colour image
of the thermal ejecta on day 126.
The VLBI knots from day 113 are
contours. d, Expansion and flip of the
thermal nova ejecta, comparing VLA
images from four months and,
respectively, two years after outburst.
The 17.5 GHz image from day 615 is
shown in colour, overplotted with
the 36.5 GHz day-126 image now in
black contours (3.2, 9.6, 16, 22.4 and
28.8 mJy per beam). In all panels,
the presumed location of the binary
is marked as a white cross. Scale bars
in b and d assume a distance of
1.5kpc (ref. 11). Synthesized beams
for contours are shown in the bottom
left corners of a and d. White

date labels are for colour images;
grey labels are for contours.
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Figure 3 | Simple illustration of the 2012 outburst of V959 Mon.

a, Immediately following the thermonuclear runaway, the nova envelope
expands (yellow ellipse) and interacts with the binary system, yielding dense
material in the equatorial plane® (darker yellow; here orientated vertically).
Denser bow shocks surround this puffy equatorial disk” (orange lines). b, As the
nova outburst progresses, the white dwarf powers a fast wind>* that is
funnelled towards the low-density poles®” (blue cones; compare with the
thermal emission imaged with VLA on day 126; Fig. 2c). The differential
velocity produces shocks® (orange lines), and at the edges of the optically thick
ejecta the shocked material yields compact radio knots (red blobs; compare
with VLBI knots in Fig. 2). ¢, Once the white dwarf wind ceases, the polar
outflow will detach from the binary and quickly drop in density as it expands
(blue cones). The slower-expanding equatorial material will remain dense

for longer (yellow regions), and will dominate the radio images at late times
(compare with day-615 VLA imaging; Fig. 2d).

not previously been securely identified in novae with main-sequence
companions'?, owing to a paucity of high-resolution radio imaging enab-
ling components of differing surface brightness to be clearly distinguished.

The expanding thermal ejecta were resolved with the VLA when it
entered its high-resolution A configuration. An image from 2012 Octo-
ber 23 (day 126; 43 mas resolution) shows that the ejecta have expanded
and assumed a clearly bipolar geometry consistent with analyses of optical
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spectral line profiles'* (Fig. 2c). The apparent geometry of the ejecta is
conveniently simplified, because we view the orbital plane of V959 Mon
edge-on®'. Our imaging illustrates that the VLBI knots were not simple
jet-like protrusions from the thermal ejecta. First, there were three VLBI
knots when only two are expected from a bipolar jet structure. Second,
the major axis of the thermal ejecta (directed east-west) was not well
aligned with the expansion of the VLBI knots, but was offset by 45°.
In addition, the thermal ejecta expanded faster than the VLBI knots
(0.64 mas d~ ! in diameter; Extended Data Fig. 3). Finally, because the
warm thermal ejecta were optically thick at the time of this imaging,
the VLBI knots were superimposed around the edges of the ejecta, ap-
pearing to surround the two thermal lobes.

The origin of the compact radio knots was clarified when we revisited
V959 Mon sixteen months later, when the VLA was next in its A con-
figuration (2014 February 24; day 615; Fig. 2d). The much-expanded
thermal ejecta maintained a bi-lobed morphology, but the axis of elon-
gation had rotated so that the brightest regions were oriented north-
south, perpendicular to the outflow observed in 2012. The position angle
of the VLBI knots lay roughly halfway between that of the early and late
axes of ejecta expansion (Fig. 2).

This apparent rotation of the thermal ejecta between day 126 and
day 615 was due to the outflow being faster along the east-west axis,
with the result that the east-west lobes became optically thin first. Just
such an asymmetry is predicted by hydrodynamic simulations of inter-
acting winds shaped by orbital evolution®. In this scenario, binary stars
orbiting within the nova envelope transfer some of their orbital energy
to the surrounding material through viscous interaction, thereby expel-
ling the envelope preferentially along the orbital plane**** (Fig. 3a), cor-
responding to a north-south orientation in V959 Mon. This equatorial
material is observable as thermal ejecta, but it expands relatively slowly,
and its compact structure therefore proves difficult to image at early
times. Meanwhile, a fast, prolonged wind is blown off the white dwarf,
and this thermal wind preferentially expands in the low-density polar
directions” (Fig. 3b). At early times, while the ejecta are optically thick,
this fast material expanding along the poles will dominate the radio images,
as in Fig. 2c. Later, when the thermal radio emission becomes optically
thin, the dense material in the orbital plane will be brightest (Figs 2d
and 3c¢). A similar 90° flip of the major axis has been hinted at in radio
imaging of other novae®* %, suggesting that such a transformation may
be common in classical novae.

The VLBI knots, and, by extension, the y-ray emission, appear to be
produced in the interaction between the rapidly expanding material
driven along the poles and the slower equatorial material (Fig. 3¢). This
interaction within the ejecta could explain the prolonged duration of the
radio synchrotron emission®, which lasts as long as the fast wind flows
past the dense material concentrated in the orbital plane.

The mass ejection observed in V959 Mon is a version of the common-
envelope phase that occurs in all close binary stars, and is a critical step
in the formation of diverse phenomena like X-ray binaries, type Ia super-
novae and stripped-envelope supernovae. Despite its widespread signi-
ficance, common-envelope evolution remains one of the most poorly
understood phases of binary evolution, with few observational tests and
models that often fail to expel the envelope at all*”**. V959 Mon shows
that classical novae can serve as a test-bed for developing an under-
standing of common-envelope evolution, and that common-envelope
interaction has a role in the ejection of nova envelopes.

An extensive multi-wavelength observational campaign shows V959
Mon to be a typical classical nova. Its expansion velocities, spectral line
profiles, binary period, binary companion and optical light curve fall
well within expected ranges''**'. Additionally, after the few early epochs
showing a flat radio spectrum, the radio light curve of V959 Mon became
consistent with thermal emission from expanding warm ejecta, imply-
ing4 X 10" solar masses of ejecta (a typical value for a classical nova';
Extended Data Fig. 4 and Supplementary Information). The only un-
usual characteristic of V959 Mon is its proximity; at a distance of < 2 kpc
(ref. 11), it is several times closer than the typical nova which explodes
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in the Galactic bulge (~8 kpc distant). Therefore, y-rays could bea com-
mon feature of normal classical novae.

Since the outburst of V959 Mon, three additional classical novae have
been identified with Fermi**, further implying that V959 Mon is not
unusual, and many novae produce y-rays. The recent increase in the rate
of Fermi detections of novae can probably be explained by a combi-
nation of deeper, targeted detection efforts and a lucky crop of nearby
novae; with effort, the sample of y-ray-detected novae will continue to
grow. The mechanism we propose here for powering the y-ray emis-
sion in V959 Mon—binary interaction shaping nova ejecta and power-
ing strong internal shocks—works in most novae, implying that each of
these garden-variety explosions accelerates particles to relativistic speeds.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

VLA. We observed V959 Mon with the VLA from Jun 2012* until the time of pub-
lication as part of programmes S4322, 12B-375, 13A-461, 13B-057 and S61420. Mon-
itoring was carried out in the L (1-2 GHz), C (4-8 GHz), Ku (12-18 GHz), and Ka
(26-36 GHz) bands across all array configurations®'. In the C, Ku and Ka bands,
we observed with two sidebands, each composed of eight spectral windows with 64
2 MHz-wide channels and four polarization products. Each sideband had a band-
width of 1 GHz, and the two sidebands were separated to enhance our frequency
coverage. In the L band, we obtained only 1 GHz of bandwidth in total, covering
the entire available frequency range in this band.

In the first three epochs, the entire positional error circle of the Fermi transient
was observed (95% confidence radius of 11 arcmin), with a single pointing in the
L band and a seven-pointing mosaic in the C band. Later, after identification of the
optical nova, a single pointing was centred on V959 Mon, typically yielding ~10-
15 min on source in each band and epoch.

We observed J0632+ 1022 as the secondary phase calibrator in the L and C bands,
and J0643+0857 in the Ku and Ka bands. 3C147 was used as an absolute flux den-
sity and band-pass calibrator. Data were reduced using standard routines in CASA
and AIPS, and in most cases a single round of phase-only self-calibration was im-
plemented with 1 min solution intervals. Imaging was carried outin CASA*, AIPS*
and Difmap**, typically using a Briggs robust value® of 1. Flux densities were ob-
tained by fitting a Gaussian to the source, using JMFIT in AIPS or gaussfitin CASA.
Measurements are presented in Extended Data Table 1. Uncertainties include a
5% calibration error in the L and C bands and a 0% calibration error in the Kuand
Kabands.

In the A configuration epochs, which provide the highest angular resolution, spe-
cial attention was devoted to imaging. To achieve the highest possible resolution,
the VLA images shown in Fig. 2 were produced in Difmap with uniform weighting.
The 36.5 GHz image from 2012 October 23 featured in Fig. 2c has a synthesized beam
of 44 mas X 42 mas full-width at half-maximum (FWHM) and a root mean squared
(r.m.s.) sensitivity of 73 pJy per beam. The 17.5 GHz image from 2014 February 24 in
Fig.2d hasa 0.125” X 0.09" FWHM synthesized beam and r.m.s. noise of 19 pJy per
beam. When smoothed to similar resolution, images at other frequencies show sim-
ilar structure on this date. We note that during the first A configuration (October
2012-January 2013), the nova was not spatially resolved at the lower frequencies
(L and Cbands). In the second A configuration (February 2014), V959 Mon was
slightly resolved in the Cband and remained unresolved in the L band.
Millimetre data. The 225 GHz flux density of V959 Mon was monitored using the
Submillimetre Array (SMA) and Combined Array for Research in Millimeter-wave
Astronomy (CARMA). Under SMA programme 2012A-S016, observations were
obtained from September to December 2012. CARMA observations were obtained
at 96 and 230 GHz during May and August 2013 under programme c1130. Data
were reduced using standard routines in MIRIAD*, and measurements are listed
in Extended Data Table 2. Uncertainties include calibration errors of at least 10%.

In addition, we used high-frequency measurements obtained with the Institute
for Radio Astronomy in the Millimeter Range (IRAM) 30 m telescope and the Plateau
de Bure Interferometer (PdBI)*” (Extended Data Table 2). These measurements
additionally constrained our radio/millimetre spectrum fitting and light curve mod-
elling, as shown in Extended Data Figs 1 and 4.
e-MERLIN. The e-MERLIN array was used to observe V959 Mon on a number of
occasions, starting in September 2012, when the VLA detected an increase in radio
brightness. The first epoch (Fig. 2b) combined observations from 2012 September
13 and 14. The observations used six telescopes of the e-MERLIN array. They were
made in the Cband, centred at 5.75 GHz with a bandwidth of 512 MHz per polari-
zation. This total bandwidth was split into four adjacent, 128 MHz-wide sub-bands
and correlated with 512 channels per sub-band. We observed J0645+0541 as a phase
calibrator, 3C286 as a flux calibrator and OQ208 as a band-pass calibrator. Data were
calibrated and reduced with standard tasks in AIPS. The data were phase self-
calibrated, and imaging was carried out in AIPS using a Briggs robust parameter of 1.
The synthesized beam used to restore the image is 65 masX 45 mas. The peak flux
density in this map is 3.7 mJy per beam, with r.m.s. noise of 53 pJy per beam. The
total flux density is estimated as 7.0 = 0.5 m]y (obtained via Gaussian fitting to the
image data), which is consistent with estimates made from VLA observations on
shorter baselines around the same time.

EVN. We performed the EVN observations of V959 Mon in the C band (5.0 GHz)
in five epochs spanning September 2012 to January 2013. Observations were carried
out with a data rate of 1,024 Mbit s~ and 2-bit sampling, yielding dual polarization
and a 128 MHz bandwidth. Observation duration was ~7 h per epoch. The first
three observations were EVN Target of Opportunity experiments during the e-EVN
sessions (project codes RO005 and RO006), and the last two epochs were part of
project EOO11. Participating EVN stations were Effelsberg, the phased array of the
Westerbork Synthesis Radio Telescope, Onsala, Medicina, Noto, Torun, and the
Lovell telescope; Effelsberg was not functioning during the last epoch owing to
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snow. Through the wideband internet connection to the EVN stations, all obser-
vations were correlated in real time at the Joint Institute for VLBI in Europe with
the following default correlation parameters: 2 s integration time and 32 frequency
points per sub-band.

We observed J0645+0541 as the phase-referencing source in all our epochs. The
J2000 coordinates were RA = 06 h 45 min 47.27653 s and dec. = 05° 41 22.3857"'
(absolute 1o positional uncertainty: 1.1 mas in RA and 2.0 mas in dec.). The sepa-
ration between the nodding calibrator and V959 Mon was 1.54°. We also observed
a secondary calibrator as an astrometric check source, which implied a 1o system-
atic position error of 0.43 mas in RA and 0.70 mas in dec. We took a nodding cycle
time of 1 min for the calibration and 3 min for the target.

Initial data calibration was carried out in AIPS using standard routines. After
this calibration, the data were averaged in each sub-band. Imaging and deconvo-
lution were then carried out in Difmap. To remove the phase error associated with
the source structure, we first imaged the reference source J0645+0541 and then re-
did fringe-fitting with the calibrator image. The source J0645+0541 showed a single
side core—jet structure with a total flux density of 175 % 18 mJy. The centroid of the
radio core was determined by Gaussian model fitting and later used as the image
reference origin. We imaged V959 Mon with natural weighting in Difmap.

The intensity image in the first epoch (2012 September 18) had a synthesized beam
with FWHM 9.2 mas X 5.5 mas at a position angle of —38.0° and an r.m.s. sensitivity
0f 0.03 mJy per beam. A pair of knots was clearly detected®® (Extended Data Table 3).
Here we name the brighter (eastern) one A and the weaker (western) one B; this
image is shown as white contours in the top panel of Fig. 2. Knots A and B had an
angular separation of 35.5 % 0.2 mas. After the knots had been fitted with point-
source models, there still existed some extended emission with a peak brightness of
0.27 mJy per beam in the residual map. We modelled the residual extended emission
with two circular Gaussian components (respective FWHMSs of 16.4 and 29.9 mas).
Each knot was associated with one extended emission region.

We detected the pair of radio knots again in the second epoch (2012 October 10),
along with a new, third knot (Fig. 2a). Knots A and B had faded since the first epoch
(Extended Data Table 3). Knot A was resolved and its intensity distribution was
well fitted by two point sources (Al and A2) with a separation of 5.7 * 0.2 mas at
position angle —179.5°. The separation was 45.2 = 0.4 mas at position angle 131.9°
between Al and B,and was 49.1 = 0.4 mas at position angle 137.0° between A2 and
B. The new, third knot, dubbed C, was located east of A, and was brighter than
knot B in this epoch. After fitting and removing the knots, there was some residual
large-scale structure showing as regular stripes, most probably a hint of the extended
emission seen with the VLA. The synthesized beam had a FWHM of 8.4 mas X 6.0 mas
at a position angle of —44.3°.

We find that radio knots A and B both appeared to be moving away from a
central position. Between 2012 September 18 and 2012 October 10, they were mea-
sured to recede from one another at 0.50 masd ™.

We failed to detect any compact features associated with V959 Mon in three EVN
epochs (2012 November 14,2012 December 4 and 2013 January 15), because of its
low peak brightness and significant expansion. We place 5¢ upper limits on the
peak flux density from compact knots of <0.25 mJy per beam on 2012 November
14, <0.15 m]Jy per beam on 2012 December 4 and <0.18 mJy per beam on 2013
January 15. There was a hint of extended emission in the raw image, but it was not
possible to locate the position, owing to strong side lobes of the synthesized beam.
The source was only weakly detected on the shortest and the most sensitive base-
line (Effelsberg-Westerbork) in the third and fourth epochs. V959 Mon was ob-
scured by noise in the last EVN epoch.

Positions and fluxes of the EVN components are listed in Extended Table 3.
Very Long Baseline Array. We observed V959 Mon with the Very Long Baseline
Array (VLBA) on 2012 October 3, October 14, October 30 and November 17 under
the NRAO project code BM0385. For the first three epochs, we observed in both
the L and the Cband, and the final epoch was in the C band. Each observation had
eight spectral windows covering a total bandwidth of 256 MHz via the new ROACH
digital backend (RDBE) and yielded a total on-source time of ~100 min per fre-
quency band. For the first epoch, each spectral window had eight channels with
4 MHz of bandwidth per channel. For the subsequent observations, we had 64 chan-
nels per spectral window with 500 kHz per channel. The first three epochs had cen-
tre frequencies of 1.55 and 4.98 GHz for the L and Cbands, respectively. The final
C-band epoch had a centre frequency of 4.24 GHz. The C-band phase reference
source was J0650+ 0358 for the first two epochs and J0645+0541 for the final two
epochs (changed to match the calibrator used for EVN observations). The L-band
phase reference source was J0650+0358 for all epochs. The data were reduced using
standard routines in AIPS, and images were made using both AIPS and Difmap.

In our first VLBA epoch, we detected VLBI knots A and B in both the 5.0 GHz
dataand 1.6 GHz data. For the 5.0 GHz image (3.5 mas X 1.5 mas synthesized beam;
r.m.s. sensitivity, 27 pJy per beam), knot A was not well fitted with a point source
and was therefore modelled with a circular Gaussian, whereas knot B was well fitted
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by a point-source model (Extended Data Table 3). We also noticed a possible third
radio knot approximately 7.7 mas north of the brightest component. For the 1.6 GHz
image (11 mas X 5 mas synthesized beam; r.m.s. sensitivity, 49 pJy per beam), both
component A and component B were diffuse and modelled with circular Gaussians.
There was no sign of the third component in the 1.6 GHz image.

For the second VLBA epoch, we detected the three EVN knots in the 5.0 GHz
image (3.8 mas X 1.7 mas synthesized beam; r.m.s. sensitivity, 37 uJy per beam).
Knots A and B had faded with respect to the first VLBA observation, and knot C
was seen to the east of knot A. Knot A was best fitted by two point-source models
and a circular Gaussian component to account for diffuse emission. Knots B and C
were well fitted by single point sources. In the 1.6 GHz data (12 mas X 6 mas syn-
thesized beam; r.m.s. sensitivity, 27 pJy per beam), only knot B was obvious. It was
again fitted with a circular Gaussian. There was a second small knot in the vicinity
ofknot A, and this was also fitted with a circular Gaussian, but we do not believe it
accounts for the total flux in knot A.

Unfortunately, the phase reference source did not produce strong fringes on the
longer baselines at 5.0 GHz for the third and fourth VLBA epochs. In addition, one
antenna was inoperative during each of these observations. The reduced sensitivity
and lower resolution led to problems identifying distinct components, and the change
in phase reference source made it difficult to compare positions between the first
and last two epochs. For the third epoch at 5.0 GHz, knot A had a flux density of
1.0 = 0.1 mJy, whereas knot B was not detected with high confidence (upper limit
0f0.14 mJy). At 1.6 GHz, only one component in the vicinity of knot A was detected
unambiguously, but with a dramatically increased flux density of 1.2 = 0.1 mJy.
Knot B had an upper limit of 0.14 mJy. The increase in flux density for knot A and
the drop in flux density for knot B could indicate that the shock associated with knot A
encountered a region of higher density leading to increased synchrotron emission,
and that knot B exhausted its supply of relativistic particles. For the fourth epoch,
no 1.6 GHz data were obtained. The source had dimmed significantly at 5.0 GHz,
and knot A was just barely detected, with a flux density of 0.16  0.05 m]Jy. Knot B
was not detected (upper limit of 0.11 mJy).

Positions and fluxes of the VLBA components are listed in Extended Data Table 3.
We note that some small disagreement between EVN and VLBA positions is ex-
pected owing to the use of different phase reference sources.

Concurrent observations at 1.6 and 5.0 GHz enable the creation of a spectral index
map. For the 2012 October 3 observations, we applied a (u, v)-taper to the 5.0 GHz
data to match resolution with our 1.6 GHz image. The matched-resolution images
were then aligned via two-dimensional cross correlation, and low signal-to-noise
regions were blanked. We used the AIPS task SPIXR to produce the map presented
in Extended Data Fig. 2. Knot A had an overall positive spectral index, with a mean
o of ~1.2 in the region of high signal-to-noise ratio. Knot B had an overall negative
spectral index, with a mean value of « = —0.3 in the regions of highest signal-to-noise
ratio. The spectra were generally flatter (« closer to 0) near the edges of the knots.

The spectral index of knot B appears roughly constant between days 106 and 117
(Extended Data Table 3). Curiously, knot A appeared to have faded at low frequency
onday 117 (leading to o > 1.2), but then brightened drastically at 1.6 GHz on day 133
(yielding o = 0). The optical depth of knot A therefore appears to be time variable.

From our two epochs of 5 GHz data, we can get an independent estimate of the
expansion rate for knots A and B. As stated previously, the EVN observations ex-
hibited an expansion rate of ~0.50 mas d ' between 2012 September 18 and Octo-
ber 10. Using the VLBA positions listed in Extended Data Table 3, we find an
expansion rate of ~0.35 masd ™ between 2012 October 3 and October 14. Because
the VLBA observations were made later than the EVN observations, the lower rate
may indicate that the expansion was slowing down. However, possible evolution of
the source structure and the different (1, v) coverages of the instruments also intro-
duce significant uncertainties into this comparison. Because we have only two epochs

with detections in each array, it proves difficult to establish the detailed evolution
of the VLBI knot expansion velocity.

Expansion of the thermal ejecta: days 127-199. During the first period of VLA
A configuration, we obtained five epochs spanning 2012 October 23-2013 January
4 (Extended Data Table 1). V959 Mon was clearly resolved at frequencies of 13.5—
36.5 GHz. V959 Mon was bright during this period, and imaged at significance
levels of >1000 per synthesized beam. In each image, V959 Mon was fitted with a
Gaussian using the task JMFIT in AIPS. The width and position angle of the Gaussian
were allowed to vary, and the angular dimensions of V959 Mon were found by
deconvolving the synthesized beam from the fitted Gaussian.

Gaussian fits provide simple first-order estimates of the changing dimensions
of V959 Mon, although the source is not perfectly described with this profile form
(future work will involve a more detailed analysis of the source geometry). The posi-
tion angles of the fitted Gaussians were constant in time, consistent across frequency
(~87°) and distinct from the position angle of the synthesized beams. V959 Mon
obviously expanded along both its major (east-west) and minor (north-south) axes
over the three months of A-configuration observations. Extended Data Fig. 3 shows
the deconvolved radii of V959 Mon over this period, with the semi-major axis plotted
in the top panel and the semi-minor axis plotted in the bottom panel. Both axes
were observed to increase with remarkable linearity at all four frequencies; linear
fits are overplotted. At 13.5 GHz, we find diameter expansion rates of 0.62 masd ™"
and 0.64 mas d " along the minor and major axes, respectively. At 36.5 GHz, we find
diameter expansion rates of 0.66 masd ™" along the minor axis and 0.37 masd ™"
for the major axis.

At any given epoch, very similar minor-axis radii were measured at all four fre-
quencies. However, the size of the major axis varied with frequency, with the ex-
ception of the first epoch. Measurements at 36.5 GHz of the major axis yielded
systematically smaller radii than did 13.5 GHz measurements (and data points at the
intermediate frequencies of 17.5 and 28.2 GHz also follow this trend). Assessing all
five epochs, it is clear that the major axis of V959 Mon grew most slowly at highest
frequency.

The material expanding along V959 Mon’s minor axis was consistent with being
optically thick throughout the A-configuration observations. When optically thick,
all frequencies display roughly the same radius of the T = 1 surface, as we observed
for material expanding along the minor axis of V959 Mon. However, the frequency
dependence of V959 Mon’s major axis can be explained if the ejecta expanding along
the major axis were becoming optically thin over the course of the imaging campaign.
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Extended Data Figure 1 | Radio/millimetre spectral evolution of V959 Mon.
Measurements and 1o uncertainties from select epochs are shown as black
points. Power-law or broken power-law fits are overplotted as red lines (the

function is chosen to minimize the reduced z? value). The best-fit spectral
indices are listed in each panel, along with the break frequency (v}, in the case of
broken power-law fits.
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Extended Data Table 1 | VLA observations of V959 Mon

Date t —tg Conf. v Sy v Sy v Sy v Sy
umn (Days) (GHz) (mJy) (GHz) (mJy) (GHz) (mly) (GHz) (mly)
2012 Jun 30.7 117 B 13 0.10+0.18 18 0.15+0.09 50 0.26+£0.03 60 0.16+0.03
2012 Jul 4.7 15.7 B 13 0.11+0.20 18 0.424+0.09 50 0.31+0.06 60 0.42+0.07
2012 Jul28.6  39.6 B 14 0.54+0.14 18 0.37+0.08 50 0.70+0.06 6.0 0.84 +0.07
2012Sep 14  74.4 A 1.3 0.39+0.07 18 0.65+0.07 46 3.524+0.18 74 7.16 +0.36

133 20.20 £2.02 174 30.82+3.08 275 73.59+7.36 365 109.3 £ 10.9
2012 Sep 8.5  81.5 BnA 13 1.24+0.10 18 1.424+0.10 46 4.74+0.24 74 9.16 +0.46

2012 Sep 154 88.4 BnA 135 32.46 £3.25 174 47.25+4.73 282 102.6 +10.3 365 136.6 + 13.7
406 211.7 £21.2 454 235.8 %+ 23.6

2012 Sep22.5 95.5 BnA 135 32,44 +3.26 174 61.76 £6.25 285 96.15 £ 9.66 365 124.9 1 12.6

2012Sep274 1004 BnA—A 13 2.55+0.14 18 3.15+0.17 46 9.00+0.45 74 17.21 + 0.88

2012 Oct 147 117.7 A 1.3 2.75+0.16 1.7 4.49+0.24 46 16.28+0.82 74 30.99+ 1.57
20120ct 234 126.4 A 136 71.03+7.10 17.5 89.70+ 8.97 282 138.94+13.9 365 173.9+17.4
2012Nov 10.3 144.3 A 13 5.06+0.38 18 7.71+0.48 46 21.45+1.36 74 34.73+1.78
2012 Nov 12.3  146.3 A 135 75.70£ 7.60 17.5 90.08 +9.03 282 116.9 £11.9 365 138.6 £ 14.0
2012 Nov 23.4 1574 A 13 7.61+0.39 18 10.90+0.55 46 25.94+1.30 74 36.60+ 1.83

136 70.15x7.06 175 87.11 £8.74 282 135.3 £14.0 365 156.9 % 16.1
2012 Dec7.2 1712 A 135 65.08 £6.51 17.5 80.92+8.09 282 133.5 +13.4 365 163.0+ 16.3
2012 Dec 8.5 1725 A 13 8.40%+0.43 18 11.17+0.56 46 23.76£1.19 74 33.51+1.68
2013 Jan 3.1  198.1 A 1.3 8.16 +0.41 1.7 10.16+0.51 46 20.17£1.01 74 30.45%+ 1.52
2013 Jan4.3  199.3 A 135 62.45+6.25 17.5 78.38+ 7.84 282 134.9 +13.5 365 163.4+ 16.4
2013 Feb20.1 246.1 D 14 6.22+0.35 18 6.81+0.36 46 15.75+0.79 74 25.83+1.29
2013 Mar 05.1 259.1 D 136 43.87+£4.39 175 54.63+5.46 282 7T4.11 £ 7.41 365 83.35+8.34
2013 Apr 17.0  302.0 D 14 2.93+0.36 18 3.90+0.37 47 12.23+£0.62 73 21.73+1.09
2013 Apr28.9 313.9 D 132 30.12+£3.01 17.5 34.66 & 3.47 282 39.48 +3.95 36.5 38.69 + 3.87

2013Jun 1.4 3474 DnC—C 14 2.69+0.37 1.7 3.174+0.26 46 10.53+0.53 74 16.58+ 0.83
132 24.86 +£2.49 175 27.01+2.70 282 29.16 £ 2.92 365 27.87+ 2.79

2013 Jun 27.6  403.6 C 14 1.954+0.19 18 3.14+0.21 46 9.21+0.46 74 13.30+£0.67
135 16.86+1.69 175 17.20+1.72 282 16.94 +1.70 365 15.87+ 1.59

2013 Aug 22.5 429.5 C 14 1.81+0.23 18 253+0.18 46 8.72+044 74 11.94+0.60
135 14.13+1.41 175 14.11+1.41 282 13.09 +1.32 365 11.27+1.14

2013 0ct 044 4724 B 14 1.96+0.14 18 2.74+0.16 46 7.60+0.38 74 9.38+0.47
136 10.71+£1.07 175 10.53+1.05 282 10.11 £1.01 365 9.45 £ 0.96

2013 Dec 13.2 542.2 B 14 1.88+0.17 18 2.56=+0.15 46 5.76+0.29 74 6.38+0.32
136 6.16 0.62 175 6.60+£0.66 282 6.33£0.64 365 5.56 1 0.59

2014 Feb24.2 615.2 A 136 4.67£0.48 175 4.23+0.43 282 4.39+0.48 365 3.86+0.43

2014 Feb 25.0 616.0 A 14 1.82+0.11 18 2.36+0.12 46 4.27+0.21 74 4.50+0.23

Flux density measurements at 1-46 GHz, spanning June 2012-February 2014. The time to corresponds to y-ray discovery, 2012 June 195.
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Extended Data Table 2 | Millimetre observations of V959 Mon

Date t — tg Facility v Sy
(UT) (Days) (GHz)  (mly)

2012 Sep 6 79 TRAM38 86 453+ 121
2012 Sep 6 79 SMA 225 500+ 125

2012 Sep 8 81 PdBIB8 87 330 £ 33
2012 Sep 22 95 SMA 225 570 £ 57
20120ct 10 113 SMA 225 284 + 28
2012 Dec 5 169 SMA 220 287 + 28
2013 May21 336 CARMA 96 34.7+ 3.6
2013 Aug1l 418 CARMA 96 13.8 %+ 1.5
2013 Aug 14 421 CARMA 230 10.2 £+ 2.0

Flux density measurements obtained with the SMA, CARMA, IRAM and PdBl telescopes at 86-230 GHz.
The time to corresponds to y-ray discovery, 2012 June 19°.

©2014 Macmillan Publishers Limited. All rights reserved



Extended Data Table 3 | VLBI components of V959 Mon

Date t — tg Facility v Sy RA Pos Dec Pos Phase Ref.
(UT) (Days) (GHz) (mJy) (06h39mXXs) (05d53/XX'’)  Source
Component A
2012 Sep 18 91 EVN 50 1.04£0.11 38.60057 52.8267  J0645+0541
20120ct03 106 VLBA 1.6 0.53 £0.06 38.60077 52.8311  J0650+0358
20120ct03 106 VLBA 5.0 1.66+0.17 38.60087 52.8315  J0650+0358
20120ct 10 113 EVN 50 1.45+0.15 38.60077 52.8225  J0645+0541
20120ct14 117 VLBA 1.6 0.17 £0.05 38.60054 52.7915  J0650+0358
20120ct14 117 VLBA 50 1.314+0.14 38.60097 52.8327  J0650+0358
20120ct30 133 VLBA 1.6 1.20+0.13 38.60092 52.82778 J0645+0541
20120ct30 133 VLBA 50 1.03£0.12 38.60098 52.82325 J0650+0358
Component B
2012 Sep 18 91 EVN 50 0.42 £0.05 38.59886 52.8514  J0645+0541
20120ct03 106 VLBA 1.6 0.59 +0.07 38.59883 52.8668  J0650+0358
20120ct03 106 VLBA 50 0.16 +£0.03 38.59881 52.8597  J0650+0358
20120ct 10 113 EVN 50 0.31 +0.04 38.59852 52.8555  J0645+0541
20120ct14 117 VLBA 1.6 0.52 £+ 0.07 38.59865 52.8620  J0650+0358
20120ct14 117 VLBA 5.0 0.16 £0.04 38.59867 52.8626  J0650+0358
Component C
20120ct 10 113 EVN 50 0.36 +0.05 38.60251 52.8518  J0645+0541
20120ct14 117 VLBA 5.0 0.14 £0.04 38.60267 52.8622  J0650+0358

Positions and flux densities of VLBI knots, observed with EVN and VLBA. The time t, corresponds to y-ray discovery, 2012 June 19°.
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