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A B S T R A C T 

We present very long baseline interferometric (VLBI) radio imaging and Fermi /LAT GeV γ -ray observations of the 2019 
eruption of the symbiotic recurrent nova V3890 Sgr. The VLBI imaging spans 8–51 d after the eruption, synchronous 
with the detected γ -rays. VLBI imaging shows the eruption begins asymmetrically on day 8 and becomes rather circularly 
symmetric by day 32. This morphological evolution is explained by interaction with circumstellar material (CSM) com- 
prised of a spherical wind plus an overdensity in the orbital plane. Comparing radio images to optical line widths gives an 

expansion parallax distance of 6.8 kpc. In the first 32 d of eruption, VLBI images capture > 80 per cent of the integrated 
flux implying that synchrotron emission dominates. A second peak in the VLA light curve is explained by an image on 

day 48 that reveals the nova shell surrounded by a diffuse synchrotron halo. The γ -rays appear around optical maximum 

and remain detectable for 23 d; marginally significant γ -rays reappear around day 60, concurrent with the second radio 
peak. Modelling indicates radio and γ -ray emission arise in distinct shock regions: γ -rays from CSM in the orbital plane, 
radio from the spherical CSM component. X-ray observations constrain the spherical CSM density, which is higher than in 

other symbiotic recurrent novae. Assuming equipartition, we estimate the fraction of the post-shock pressure in magnetic 
fields, εB = few ×10−3 . 

Key words: novae, cataclysmic variables – binaries: symbiotic – radio continuum: transients – gamma-rays: stars –
acceleration of particles – stars: individual: V3890 Sgr. 
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 INTRODUCTION  

ovae are thermonuclear eruptions that occur on the surfaces 
f accreting white dwarfs in binary systems (J. S. Gallagher & 

. Starrfield 1978 ; M. F. Bode & A. Evans 2008 ; L. Chomiuk,
. D. Metzger & K. J. Shen 2021a ). The white dwarf accumulates
ydrogen-rich material on its surface from the companion star, 
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hich may range from a main-sequence star to a giant. As this
aterial builds up, the bottom layer compresses, temperature 
ncreases, and the rate of nuclear reactions increase, leading to 
 thermonuclear runaway, seen as an increase in luminosity (S. 
tarrfield, C. Iliadis & W. R. Hix 2016 ). The eruption blows off
he accreted envelope mixed with some white dwarf material at 
elocities ranging from 500 to 10 000 km s−1 (e.g. O. Yaron et al.
005 ; G. C. Anupama et al. 2013 ; A. Özdönmez et al. 2018 ). As
he ejected mass is relatively small ( 10−3 to 10−7 M�; R. D. Gehrz
t al. 1998 ; O. Yaron et al. 2005 ), the binary system survives the
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/by/4.0/), which permits unrestricted reuse, distribution, and
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ruption and accretion can continue, accumulating hydrogen-
ich matter for the next nova eruption (M. J. Darnley et al. 2014 ;
. Basu et al. 2025 ). 
In some cases, multiple eruptions have been observed in the
ame system; these novae are called recurrent novae. The major-
ty of novae have recurrence times longer than a human lifespan
nd have only had one observed eruption. However, 10 recurrent
ovae are well established in the Milky Way (B. E. Schaefer 2010 ;
. J. Darnley 2021 ), with an 11th recently discovered (D. Frostig
t al. 2026 ) and several other novae claimed to have short recur-
ence times (J. Mikolajewska 2010 ; A. Pagnotta & B. E. Schaefer
014 ; M. W. Healy-Kalesh et al. 2024 ; M. M. Shara et al. 2024 ).
our of the 10 well-established recurrent novae are symbiotic
inaries (S. J. Kenyon 1986 ), including V3890 Sgr. The prevalence
f giant companions among recurrent novae is often explained
y accretion fed by red giant winds reaching higher rates than
ccretion fed by a main-sequence companion filling its Roche
obe (H.-L. Chen et al. 2016 ; A. J. Kemp et al. 2021 ). 

.1 V3890 Sgr 

3890 Sgr is a symbiotic recurrent nova (B. E. Schaefer 2010 )
ith an M5 III giant companion (T. E. Harrison, J. J. Johnson &
. Spyromilio 1993 ). It has had three observed eruptions: 2019
ugust 27.87 (J. Strader et al. 2019 ), 1990 April 27.7 (D. A. H.
uckley et al. 1990 ; G. C. Anupama & S. Sethi 1994 ), and 1962
une 2 (W. Wenzel 1990 ; L. T. P. Miller 1991 ). The recurrence
ime is short, only about 28 yr between eruptions. It is possible
hat we have missed an eruption as the nova is behind the Sun
very December, and the optical light curve shows a rapid decline,
3 = 14 d (J. Mikołajewska et al. 2021 ). The distance is constrained
o 6–9 kpc (J. Mikołajewska et al. 2021 ), and is discussed further in
ection 3.3 . The mass of the white dwarf is estimated at 1 . 35 M�,
nd the orbital period is 747.6 d (J. Mikołajewska et al. 2021 ). 
The most recent 2019 eruption of V3890 Sgr was observed in
-ray, X-ray, UV, optical, IR, and radio wavelengths (S. Buson, P.
ean & C. C. Cheung 2019 ; M. M. Nyamai et al. 2019 ; E. Polisensky
t al. 2019 ; M. Orio et al. 2020 ; A. Evans et al. 2022 ; B. Kaminsky
t al. 2022 ; J. U. Ness et al. 2022 ). Here, we are focused on high-
esolution very long baseline interferometry (VLBI) radio obser-
ations and GeV γ -ray observations of the eruption. 
Radio observations of the 2019 eruption were reported by M. M.
yamai et al. ( 2023 ). Observations began about 7 d after discovery
f the eruption and were carried out using MeerKAT and the Karl
. Jansky Very Large Array (VLA), with frequencies ranging from
to 37 GHz. The 5 and 7 GHz light curves peak on day 11.2 at ∼50
Jy, while the 1.26 GHz light curve peaks a bit later, on day 16.1,
nd at a slightly lower flux density, 44.7 mJy. M. M. Nyamai et al.
 2023 ) concluded that the radio light curve is dominated by syn-
hrotron emission based on brightness temperature arguments.
here is a second increase in radio flux density on day 45 seen in
requency bands 1.26–7.0 GHz. This second peak in the radio light
urve is difficult to explain as thermal emission (as in other novae;
. H. S. Weston et al. 2016 ; T. Finzell et al. 2018 ). This second
ump has been interpreted instead as synchrotron emission re-
ulting from interaction with circumstellar material (CSM) with
 complex structure. M. M. Nyamai et al. ( 2023 ) suggest that the
SM around the nova is complex in shape, with perhaps a denser
egion at a distance from the white dwarf, ∼ 1015 cm. 
V3890 Sgr was also detected in GeV γ -rays by the Large Area
elescope (LAT) on the Fermi Gamma Ray Space Telescope shortly
fter the start of the eruption (S. Buson et al. 2019 ). This makes it
NRAS 552, 1–19 (2026)
he third nova with a giant companion to be significantly detected
y Fermi , joining the ranks of V407 Cyg (A. A. Abdo et al. 2010 )
nd RS Oph (C. C. Cheung et al. 2022 ) (V745 Sco was also a
arginal detection; A. Franckowiak et al. 2018 ). According to this
stronomer’s Telegram on V3890 Sgr, the Fermi onset began at
he time of optical peak, and lasted 12 d. 

.2 Shocks in Nova eruptions 

his paper focuses on the shock signatures from the 2019 erup-
ion of V3890 Sgr, in both radio and γ -ray bands. In the last
ecade, shocks in novae have been recognized as energetically
mportant and key for shaping their electromagnetic emission
L. Chomiuk et al. 2021a ). To date, 26 Galactic novae have been
etected in GeV γ -rays by Fermi /LAT, which signals that novae
fficiently accelerate particles to relativistic speeds through dif-
usive shock acceleration (P. Craig et al. 2025 ). Most of these
ovae have main-sequence companions and are surrounded by
ow-density environments born of conservative mass transfer (M.
ckermann et al. 2014 ), so the shocks are internal to the nova
jecta (L. Chomiuk et al. 2014 ). However, a handful of Fermi -
etected novae have giant companions, where mass transfer is
xpected to be messier, and the environment is polluted by the red
iant wind (A. A. Abdo et al. 2010 ; R. Diesing et al. 2023 ). In these
ystems, the shock is expected to be external with pre-existing
SM. This dichotomy is further supported by X-ray observations
f novae; in Fermi -detected novae with main-sequence compan-
ons, hot shocked gas is not detected contemporaneously with
-rays despite numerous observations with Swift /XRT, implying
igh absorption columns (T. Nelson et al. 2019 ; A. C. Gordon
t al. 2021 ) or suppression of hot gas behind a radiative shock
ue to mixing with cooler gas (E. Steinberg & B. D. Metzger 2018 ;
. D. Metzger, L. Lancaster & R. Diesing 2025 ; S. Mitrani et al.
025 ). On the other hand, novae with giant companions often
how thermal X-ray emission from shocked gas from the earliest
hases of their eruption (J. L. Sokoloski et al. 2006 ; T. Nelson et al.
012 ; K. L. Page et al. 2015 , 2020 ), implying significantly lower
bsorption columns. 
The CSM is often modelled as a spherical wind with a r−2 
ensity profile, and an equatorial density enhancement (EDE) in
he orbital plane, driven by gravitational focusing of the mass-loss
y the white dwarf (S. Orlando, J. J. Drake & J. M. Laming 2009 ; S.
ohamed & P. Podsiadlowski 2012 ; S. Orlando, J. J. Drake & M.
iceli 2017 ; S. Orlando et al. 2025 ). This is the scenario we have

n mind in studying V3890 Sgr’s 2019 eruption: external shocks
etween the nova ejecta and CSM, and denser interaction in the
rbital plane. 

.3 This paper 

ere we present high-resolution radio images and analysis of the
019 eruption of V3890 Sgr using data obtained with the Very
ong Baseline Array (VLBA) and the European VLBI Network
EVN) plus the Enhanced Multi-Element Remotely Linked In-
erferometer Network (e-MERLIN). We also analyse data from
ermi /LAT to characterize the GeV γ -ray light curve. With ob-
ervations in both wavelengths, we are able to compare results,
nvestigate the efficiency of particle acceleration and discuss the
volution of the blast and the structure of the surrounding CSM.
In Section 2 , we describe the data sets under consideration.
ection 3 contains analyses of the VLBA and EVN + e-MERLIN
mages, using them to test the origin of the radio emission, to



VLBI images and γ -rays of V3890 Sgr 3

Table 1. VLBI and corresponding VLA observations of V3890 Sgr. 

UT date t − t0 a Freq Flux ± Error (VLA) Flux ± Error (VLBI)b Major axisc Minor axisd RMS noise Panele 
(d) (GHz) (mJy) (mJy) (mas) (mas) (µJy bm−1 ) 

2019 Sep 5.0 8.1 4.87 43 . 5 ± 2 . 2 37 . 75 ± 4 . 17 115 (a) 
2019 Sep 5.0 8.1 8.37 44 . 6 ± 2 . 2 36 . 91 ± 2 . 37 8.4 8.0 82 (b) 
2019 Sep 13.0 16.1 4.87 44 . 0 ± 2 . 2 36 . 42 ± 2 . 02 116 (c) 
2019 Sep 12.9 16.0 8.37 39 . 9 ± 2 . 0 32 . 68 ± 1 . 75 13.7 13.3 58 (d) 
2019 Sep 28.9 32.0 4.87 24 . 8 ± 1 . 2 24 . 61 ± 1 . 37 22.5 21.5 60 (e) 
2019 Oct 15.6 48.7 4.93 17 . 3 ± 0 . 9 12 . 44 ± 0 . 64 f 46.0 43.2 31 (g) 
2019 Oct 15.6 48.7 4.93 17 . 3 ± 0 . 9 17 . 15 ± 0 . 94 g 157 96 31 (h) 
2019 Oct 17.9 51.0 4.87 17 . 3 ± 0 . 9 14 . 00 ± 0 . 80 34.0 31.9 22 (f) 
a We take the start of eruption t0 to be 2019 Aug 27.9 UT. 
b All VLBI images were obtained with the VLBA, except the 2019 Oct 15 epoch, which was obtained with the EVN + e-MERLIN. 
c Oriented east-west in all images, except the diffuse flux on 2019 Oct 15, when the major axis has a PA = 50◦. 
d Oriented north–south in images, except for the diffuse flux on 2019 Oct 15. 
e Images are shown in these corresponding panels of Fig. 1 . 
f Measurements for the bright nova shell, equivalent to what is captured in VLBA images. 
g Measurements include the diffuse emission surrounding the nova shell. 
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easure the magnetic field strength, and to estimate an expan- 
ion parallax distance of 6.8 kpc. In Section 4 , we analyse the
ermi data, presenting the light curve over the first 75 d of the
ruption and demonstrating a curious-but-marginal reappear- 
nce of γ -rays around the time of the second radio bump. We
iscuss and model our findings in Section 5 , estimating the effi-
iency of magnetic field amplification and particle acceleration, 
escribing efforts to simultaneously model the radio and γ -ray 
mission, and exploring the origin of the second bump in the
adio and γ -ray light curves. We conclude in Section 6 . 

 OBSERVATIONS  AND  DATA  REDUCTION  

.1 VLBA radio observations of the 2019 eruption 

igh-resolution imaging observations of V3890 Sgr with the 
LBA started on 2019 September 5.0 (8.1 d after start of eruption)
nd ended 2020 February 8 (164 d after eruption). Nine observa-
ions were obtained under VLBA project code BL267 (PI Linford). 
or observations taken on 2019 September 28 and October 17 in
 band (center frequency 8.37 GHz) and February 8 in C band
center frequency 4.87 GHz), we were unable to properly calibrate 
he data. The phases were scattered and the check source when 
maged was not a point source, indicating that there was an issue
ith the calibration, perhaps due to the southerly declination of 
he source and resulting low elevation of observations. We made 
everal attempts to calibrate the data but unfortunately were un- 
ble to get usable results. Because of this, we decided to cut out
hese data and do not include them in any of the following plots,
mages, or analysis. The six observations that yielded good images 
re listed in Table 1 . VLA observations, which are useful for deter-
ining V3890 Sgr’s integrated flux density, began on August 30th 
M. M. Nyamai et al. 2023 ). For each VLBA observation, there
ere near-contemporaneous VLA observations at 5 and 7 GHz. 
The September 5 and September 13 observations included both 
.87 and 8.37 GHz, with observations switching between bands 
n average every 42 min. The September 28 and October 17 obser-
ations only had usable data at 4.87 GHz. The phase reference cal- 
brator was J1820 −2528, and the check source was J1819 −2036. 
or the final two observations, a fringe finder (J1924 −2914) was 
ncluded. Each observation has 4 spectral windows, each 128 
Hz wide, resulting in a total bandwidth of 512 MHz. There are
28 spectral channels per spectral window. All data were obtained 
n full Stokes mode. The exposure time of each epoch was about
.8 h on V3890 Sgr, except for the October 17th 4.87 GHz obser-
ation, which was 3.6 h. On the September 5 observation, Mauna
ea did not join until about 2 h after the start of the observation.
n the September 28 observation, Brewster was not recording 
ata. 
After flagging poor data and radio frequency interference on 

he calibrator scans, we noticed the phase calibrator J1820 −2528 
howed complex structure, so we split it into its own fits file and
oaded it into difmap (M. C. Shepherd 1997 ) in order to improve
ur model. There, we iteratively self-calibrated and imaged the 
alibrator data, recovering some diffuse flux surrounding a point- 
ike source. This improved model was loaded back into aips and
hen used in the calibration process. 
The data were calibrated using standard routines in AIPS 
1DEC22 (E. W. Greisen 2003 ). Instrumental delay calibration 
nd bandpass calibration were performed using J1820 −2528 for 
he observations taken on September 5 and 13. For observations 
aken on September 28 and October 17 both J1820 −2528 and
1924 −2914 were used. Global fringe fitting was then carried 
ut with solution intervals of 1 min over the course of the ob-
ervation. Again, for the last two observations J1924 −2914 was 
ncluded in the global fringe fitting. Flux calibration was carried 
ut using VLBAAMP in aips . In aips phase and amplitude self-
alibration were performed on the calibrator with a solution in- 
erval of 0.5 and 1 min, respectively. 
The science target was then flagged, calibrated, and split. It was
xported into difmap and imaged in Stokes I. We used radplot
o further flag the data before cleaning the image. Natural weight-
ng was used for all epochs. Images of all VLBA observations
ere made with untapered data to obtain maximum angular res- 
lution. We boxed regions with significantly higher flux density 
han the background and used the CLEAN algorithm to clean 
he image. This was done repeatedly, applying phase selfcal 
f decreasing integration intervals until we reached a solution 
nterval of 2 min. The final image was viewed in mapl cln . 

.2 EVN plus e-MERLIN observations 

o reveal more details about V3890 Sgr as it expands and fades,
e also performed real-time e -VLBI observations (project code: 
MNRAS 552, 1–19 (2026)
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Y008, PI: Jun Yang) with the EVN plus e-MERLIN at 4.9 GHz on
019 October 15 (48.7 d after the start of eruption). The target-of-
pportunity observations lasted about four h (UT: 14:30–18:30).
he participating stations were Jodrell Bank, Westerbork, Ef-
elsberg, Medicina, Onsala, Yebes, Hartesbeesthoek, Zelenchuk-
kaya, Irebene, Cambridge, Darnhall, Pickmere, Defford, and
nockin. The observations used the default frequency setup at
 band for the EVN (16 subbands in dual polarization, 32 MHz
er subband, 2-bit quantization) and e-MERLIN (2 subbands
n dual polarization, 64 MHz per subband, 2-bit quantization)
tations. 
We used a different source, J1828 −2417, as the phase-

eferencing calibrator during the EVN and e-MERLIN observa-
ions of V3890 Sgr. The calibrator is only half degree apart from
3890 Sgr and has a compact core-jet VLBI structure with a cor-
elation amplitude of 21 mJy on the long baselines at 8.4 GHz.
he nodding observations used a cycle time of 3 min: 20 s for the
alibrator, 100 s for the target, and 60 s for the antenna slewing
ime. To derive the relative position of J1828 −2417 with respect
o J1820 −2528, i.e. the bright calibrator used in the above VLBA
bservations, we also observed the pair of calibrators for 11 phase-
eferencing cycles. 
The correlation data were calibrated in AIPS 31DEC22 (E. W.
reisen 2003 ). When the visibility data were loaded into aips
iscs, we ran aips task ACCOR to slightly correct cross-correlation
mplitudes. Before general a priori amplitude calibration, the
ntenna system temperature data were significantly smoothed to
inimize their random errors. When antenna system tempera-
ures and gain curves were not available, we used nominal system
quivalent flux densities and a flat gain curve to do a priori ampli-
ude calibration. The task TECOR was used to remove ionospheric
ispersive delays calculated according to maps of total electron
ontent provided by Global Positioning System (GPS) satellite
bservations. The phase errors resulting from the antenna par-
llactic angle variations were removed. We corrected the instru-
ental phases and delays across the subbands via running fringe-
tting with the data from the bright fringe finder J1800 + 3848.
fter removing the instrumental phase errors, all subband data of 
ere combined to run more accurate fringe fitting with a solution
nterval of 20 s. The most sensitive telescope Effelsberg was used
s the reference station. The solutions were also applied by two-
oint linear interpolation from J1828 −2417 to V3890 Sgr and
1820 −2528. The phase connections were also quite smooth at
ll stations. Bandpass calibration was also performed using the
ringe finder J1800 + 3848. 
The deconvolution was performed in difmap (M. C. Shep-
erd 1997 ). The calibrator J0834 −0417 shows a one-sided core-jet
tructure with a total flux density of ∼38 mJy at 4.93 GHz. With
he input image, we re-ran the fringe-fitting and the amplitude
nd phase self-calibration in aips . All of these solutions were
lso transferred to the target data by linear interpolation. The
arget V3890 Sgr was imaged without self-calibration. The low-
levation data in the first and last hours were excluded in the
maging process. The small positional offset of the weak calibra-
or J1828 −2417 was calculated with respect to the bright calibra-
or J1820 + 2528, and was corrected in the VLBI map of V3890 Sgr.

.3 Fermi /LAT γ-ray observations of the 2019 eruption 

3890 Sgr was observed at GeV γ -ray energies using Fermi /LAT.
or our γ -ray analysis of V3890 Sgr, we used fermitools (ver-
ion 2.4.0). Our analysis is based on the binned likelihood
NRAS 552, 1–19 (2026)
utorial provided by the Fermi team. 1 We begin by select-
ng events based on their class and type, selecting only
vents with evclass = 128 and evtype = 3. We also
elect for good time intervals using the logical expression
DATA_QUAL > 0)&&(LAT_CONFIG = = 1) . The selected ob-
ervations contain all the Pass 8 (P8R3_V3) γ -ray events from 100
eV to 300 GeV within 10 degrees of the nova. We use a model in-
luding all the known sources in the 4FGL-DR3 catalogue (S. Ab-
ollahi et al. 2022 ) within 20 degrees of V3890 Sgr. Also included
re the Galactic diffuse emission and the isotropic emission mod-
ls (i.e. gll_iem_v07 and iso_P8R3_SOURCE_V3_v1 ). A
oint source model for V3890 Sgr is added as well, assuming a
ower-law spectrum with an exponential cut-off, as is frequently
sed to model the γ -ray spectra of novae (A. Franckowiak et al.
018 ). This spectral model is shown in equation ( 1 ), where N0 is
 normalization parameter, γ1 is the power-law index, Ec is the
nergy cut-off, and E0 is an energy scale fixed to 200 MeV. 

d N 

d E 
= N0 

(
E 
E0 

)−γ1 

e−
E 
Ec , (1) 

We analysed the Fermi /LAT data to obtain V3890 Sgr’s GeV γ -
ay flux, fitting this model to data ranging from 2 d before the
ptical peak to 20 d after the peak. This 22-d window was used
o obtain the average flux for this nova, and to obtain spectral
arameters. As is typical for a Fermi analysis, we estimate our de-
ection significance using the test statistic, which is −2 times the
ikelihood ratio between the best-fitting model including the nova
nd a background only model. This can be converted to a typical
ignificance level by taking the square root of the test statistic.
n our case, this time window yields a > 5 σ detection, making
he detection of γ -ray emission from V3890 Sgr unambiguous.
ue to the relatively large distance, and correspondingly small
bserved γ -ray flux of V3890 Sgr, the spectral parameters remain
ighly uncertain. We recover a spectral index of γ1 = 1 . 4 ± 1 . 8
ith a cut-off energy of 2 GeV, though the spectral model is not
ell constrained. 
After obtaining the average flux and associated test statistic for
3890 Sgr, we built a light curve starting 60 d before the optical
eak, with each point using 15 d of data (as in A. Franckowiak
t al. 2018 ). The resulting light curve is discussed in Section 4 .
hroughout this light curve, we fix the spectral parameters to a
et that is typical for the γ -ray emission from novae, assuming a
ower-law index of 1.9 and a cut-off energy of 4.3 GeV (A. Franck-
wiak et al. 2018 ). In many of the light-curve bins the data are
nsufficient to meaningfully constrain the spectral parameters, so
he only model parameter for V3890 Sgr allowed to vary is the
ormalization. 

.4 Swift XRT X-ray observations 

-ray telescope (XRT) observations with the Neil Gehrels Swift Ob-
ervatory began about 0.7 d after eruption, revealing a bright hard
-ray source (K. V. Sokolovsky et al. 2019 ). Data were taken from
ugust 28 to September 5, took a brief hiatus for proximity to the
oon, and proceeded at decreasing cadence from September 10
ntil V3890 Sgr entered solar conjunction on November 11. Once
he nova was no longer blocked by the Sun, observations resumed
n 2020 February 17 until May 4. 

https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.html
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Swift data were processed using heasoft and the most recent 
alibration files available for late 2019. Here, we use the same
pectral fits as K. L. Page et al. ( 2019 ) for constraining the X-
ay emission at the epochs of our VLBI imaging. On days 7.7
nd 51.4, the spectrum is fit with a single optically thin thermal
omponent (i.e. APEC, which represents hot shocked gas). On 
ay 15.5, the fit is improved by the addition of a second APEC
omponent and also a blackbody component (which represents 
he supersoft source). By day 31.9, the supersoft source had faded, 
ut the optically thin thermal emission is still better fit by two
PEC components than one. Absorption is held fixed at NH = 

 . 1 × 1021 cm−2 . The APEC parameters (kT and normalization) 
re listed in Table 3 . 

.5 Optical spectroscopy of the 2019 eruption 

s an additional constraint on the ejecta velocities in V3890 Sgr, 
e considered optical spectroscopy of the 2019 eruption obtained 
sing the Small and Moderate Aperture Research Telescope Sys- 
em (SMARTS) 1.5 m telescope and its CHIRON optical spectro- 
raph (F. M. Walter et al. 2012 ). The observations covered the
avelength range 4082- 8770 Å with a resolution of R = 27 800 . 
bservations post eruption began on 2019 August 28 and ended 
019 November 4 with some spectra obtained pre-eruption. 

 VLBI  RADIO  IMAGE  ANALYSIS  

ur VLBA radio images of V3890 Sgr’s 2019 eruption are plotted 
n panels (a–f) of Fig. 1 in J2000 equatorial coordinates. The
VN + e-MERLIN image is shown in panels (g) and (h) of Fig. 1 .
n each image, the position of the binary star as derived from Gaia
ata Release 3 (Gaia Collaboration et al. 2016 , 2023 ) is marked
sing a white dot and error bars; the Gaia position was corrected
or proper motion to the observation time of each image. The
aia position at the average observing epoch (2019.81) is RA = 

8h30m43.2824s and Dec. = −24◦01′ 08.′′ 988 , and the error bars 
re smaller than the marker and are not visible in the images. 
The background RMS noise was found in difmap by calculat- 

ng statistics on a blank image region away from the nova. The
ms noise levels in the 8.37 GHz images were 58–82 µJy beam−1 

nd the noise values in the VLBA 4.87 GHz images were 22–
16 µJy beam−1 . The specific image noise values are listed in 
able 1 . The rms noise in the 4.93 GHz EVN + e-MERLIN image
s 31 µJy beam−1 . The image RMS values were used to set the
ontour levels in the images to −1 . 5 , 1 , 3 , 5 , and 7 σ (Fig. 1 ). These
oise levels can be compared with the theoretical thermal noise 
f the VLBA, as calculated using the EVN calculator. This led to
heoretical noise estimates of 18 . 1 µJy beam−1 at 8.37 GHz with
he VLBA, 15 . 4 µJy beam−1 at 4.87 GHz with the VLBA, and
3 . 0 µJy beam−1 for the EVN + e-MERLIN observation. It is not
nusual for VLBI images to have observed noise values several 
imes that theoretically expected, and reaching theoretical noise 
as made unusually difficult by the low elevation of V3890 Sgr
s observed by these radio facilities. 
All VLBA images are centered at the same location (RA = 

8h30m43.2826s, Dec = −24◦01′ 08.′′ 990 ) with the same map size 
2048 pixels on a side) and pixel size (0.15 mas). For the 4.87 GHz
LBA images, the average FWHM resolution is Bmaj = 4 . 5 mas
long the major axis and Bmin = 1 . 7 mas along the minor axis
ith an average position angle of PA = −1 . 3◦. The 8.37 GHz
mages have an average resolution Bmaj = 2 . 7 mas and Bmin = 1 . 0
as. The 4.93 GHz EVN + e-MERLIN image is restored with a
ymmetric beam of FWHM = 10 mas. 

.1 Morphology and evolution 

he images in Fig. 1 show how the shape of the nova changes
ver time. Eight days after eruption, we see an elliptical compact
ource offset to the east – likely a lobe of a bipolar outflow –
nd another small region to the west of the source center [panels
a) and (b) of Fig. 1 ]. This fainter western component is more
pparent in the 8.37 GHz image than the 4.87 GHz image (panel
 compared with panel a). This likely implies that the western
tructure is absorbed by intervening CSM in this first epoch. 
Sixteen days after eruption, radio emission from V3890 Sgr has 
ecome more spread out [panels (c) and (d) of Fig. 1 ], and both
obes are now more apparent. In the 4.87 GHz image, the bright-
st region remains the eastern lobe. The small structure beneath 
he nova, located at Dec of about −24:01:09.00 in panel (c), is
ikely an artefact as we do not see it in later epochs. At 8.37 GHz,
he radio emission is noisier, as expected from the higher angular
esolution sampling the nova with more synthesized beams. The 
astern and western lobes are of more comparable brightness 
t 8.37 GHz, implying that optical depth continues to affect the
estern lobe at 4.87 GHz. 
The shape of the early radio emission could be explained if the
SM is composed of a spherical wind and a region of increased
ensity in the orbital plane, (i.e. the EDE; R. Walder, D. Folini &
. N. Shore 2008 ; S. Mohamed, R. Booth & P. Podsiadlowski 2013 ;
. A. Booth, S. Mohamed & P. Podsiadlowski 2014 ; S. Orlando
t al. 2017 ). Our images constrain the position angle of the EDE
o be in the range, 0 to −15◦ (oriented roughly up–down in
ig. 1 ). The EDE impedes expansion in the north–south direction
nd confines the ejecta into two lobes oriented mostly east–west. 
he lobes being imaged in VLBA suggest that the synchrotron 
mission is coming from the lobes and not the central disc. The
ynchrotron emission would then be coming from interactions 
ith the spherical component of the CSM. The inclination angle 
f the nova is well constrained to be 67- 69◦ by J. Mikołajewska
t al. ( 2021 ), and our VLBA imaging shows that the eastern side
s tilted towards us, while the western side is tilted away from us
nd undergoes more absorption from the EDE in early imaging 
pochs. 
During the third epoch, 32 d after eruption (panel e of 
ig. 1 ), the radio-emitting region continues to expand and now
ooks quite symmetric east–west. The nova no longer looks so 
ipolar, and has similar dimensions north–south and east–west 
Table 1 ). There are significant deconvolution artifacts visible 
round the nova in this epoch (visible as blotches at top-right and
ottom-left in panel e); these should be disregarded. 
The time period of day 48–51 is imaged by both the VLBA and
VN; while the VLBA has higher resolution, EVN + e-MERLIN
s more sensitive to lower surface brightness emission. The VLBA 

mage from this last epoch is quite noisy, implying that the sur-
ace brightness of the radio emission has dropped [panel (f) of 
ig. 1 ]. The EVN + e-MERLIN image, however, captures more of 
he flux at higher significance, and now shows that the nova is
righter along the north–south axis: a ∼ 90◦ flip from what was 
bserved earlier in the eruption (panel g of Fig. 1 ). The radio-
mitting shocks therefore seem to be primarily interacting with 
he EDE at this late epoch. 
The EVN + e-MERLIN image from day 48 also shows signifi-
ant diffuse radio flux external to the primary nova shell (panel h
MNRAS 552, 1–19 (2026)
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Figure 1. VLBI radio images of the 2019 eruption of V3890 Sgr. The top two panels, (a) and (b), show 4.87 and 8.37 GHz VLBA images on day 8.1. The 
second row – panels (c) and (d) – show 4.87 and 8.37 GHz VLBA images on day 16. The third row shows 4.87 GHz VLBA images from day 32.0 (panel 
e) and day 51.0 (panel f). The bottom row show the EVN + e-MERLIN image from day 48.7; panel (g) is on the same scale as panels (a–f), while panel 
(h) zooms out to show a larger field of view. In each panel, the contour levels are set to −1 . 5 , 1 , 3 , 5 , and 7 σ (see Table 1 for σ values). The white dot is 
located at the Gaia position of V3890 Sgr. In the upper left corner is a compass showing the North (up) and East (left) directions. The synthesized beam 

is plotted in the bottom left corner. The field of view is 80 mas across for panels (a–g), and 225 mas across for panel (h). Note that each panel has its own 
color scale, as denoted in its colour bar. 
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Table 2. Properties derived from VLBA radio images of V3890 Sgr. 

Day Freq l a BK0 =40 b BK0 =100 b vs εB (K0 = 40) c εB (K0 = 100) c 
(GHz) (cm) (G) (G) (km s−1 ) 

8.1 8.37 8 . 0 × 1014 0.16 (0.27) 0.20 (0.35) 5940d 4 . 5 × 10−4 (1 . 3 × 10−3 ) 7 . 0 × 10−4 (2 . 1 × 10−3 ) 
16.0 8.37 1 . 4 × 1015 0.09 (0.15) 0.11 (0.19) 3970e 8 . 4 × 10−4 ( 2 . 2 × 10−3 ) 1 . 3 × 10−3 ( 3 . 7 × 10−3 ) 
32.0 4.87 2 . 2 × 1015 0.05 (0.08) 0.06 (0.11) 3130 f 1 . 4 × 10−3 ( 3 . 5 × 10−3 ) 2 . 0 × 10−3 ( 6 . 6 × 10−3 ) 
51.0 4.87 3 . 2 × 1015 0.03 (0.05) 0.04 (0.06) 3390g 1 . 1 × 10−3 ( 3 . 0 × 10−3 ) 1 . 9 × 10−3 ( 4 . 3 × 10−3 ) 
a Diameter of the radio emission, assuming a distance of 6.8 kpc. 
b Magnetic field estimated using α = −0 . 7 . Bracketed values result from using α = −0 . 55 . 
c εB estimated assuming vs from this table and ne from Table 3 . Bracketed values are the result of using the magnetic field strengths using α = −0 . 55 
d Velocity between day 0–8.1, representing the geometric mean of the major and minor axes. 
e Velocity between day 8.1–16.0. 
f Velocity between day 16.0–32.0. 
g Velocity between day 32.0–51.0. 
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f Fig. 1 ). This emission is patchy, elongated, and asymmetrically
istributed around the nova shell, with a position angle of ∼ 50◦. 
Compared with RS Oph’s 2021 eruption, our VLBA images 
ppear to be missing a central disc component. In addition to this
ompact central component, RS Oph shows a bi-lobed structure 
imilar to V3890 Sgr, with one lobe being initially fainter and 
hen increasing in brightness over time, which is attributed to 
bsorption by an EDE (U. Munari et al. 2022 ; R. Lico et al. 2024 ).
owever, RS Oph remains more elongated/bipolar in later epochs 
64–65 d after explosion), while V3890 Sgr exhibits more circular 
ymmetry in our later imaging epochs (Fig. 1 ). V407 Cyg – a 2010
ova that erupted in a longer-period symbiotic binary with an 
symptotic giant branch companion and the first nova detected 
n GeV γ -rays (A. A. Abdo et al. 2010 ) – was imaged with VLBI
0 to 203 d after eruption. Images revealed an expanding elliptical 
hell with no central brightening (M. Giroletti et al. 2020 ). They
lso exhibit radio emission at larger radii than can be attributed
o the nova eruption (M. Giroletti et al. 2020 ), perhaps similar to
he extended diffuse emission we observe in V3890 Sgr with the
VN + e-MERLIN. 

.2 Angular size as a function of time 

e estimated the size of the radio emission from our VLBI im-
ges. In the first two epochs, we use the 8.37 GHz images for
ize determination, as they are both higher resolution and less 
ffected by absorption than the 4.87 GHz images. As the source
orphology is complex and not well described by e.g. a Gaussian,
e do not fit the source with parametric models in the uv plane;
nstead, we directly estimate the source size from the image. 
For the first epoch, the size of the nova was determined using
MFIT in aips by fitting two Gaussians to the nova. Both lobes of 
he nova were resolved, so we used the deconvolved sizes of the
omponents to estimate the 2 σ radii of the Gaussians, and then
easured the distance between the centres of the Gaussians to get
he distance between the two lobes. This was all added together to
et the full diameter of the source along the major (roughly east–
est) axis. The diameter of the nova along its minor axis was the
verage of the two deconvolved Gaussian widths in the ∼north–
outh direction. 
For the remaining VLBA epochs, the size was determined by 
easuring the diameter of 3 σ contours in carta . 
In the EVN + e-MERLIN image, there is significant diffuse 
ux external to the nova shell, and we estimated the size in two
ifferent ways: the dimensions of the nova shell estimated from 

 σ contours in carta , and the larger dimensions of the diffuse
ux estimated from 3 σ contours. We note that the dimensions of 
he nova shell estimated from the EVN image are significantly 
arger than in the VLBA image from day 51 (mean diameter
f 44.5 mas, compared to 32.9 mas). This could be caused by a
oorly measured diameter in the noisy VLBA image or the lower
esolution of the EVN image. We note that if we use the EVN
imensions of the nova shell, we find that the expanding shell
ould have had to significantly accelerate between day 32 and 48
Section 3.3 ), which seems unlikely. We therefore conclude that 
he EVN dimensions of the nova shell are likely affected by the
ower resolution of this image. As the EVN image and day 51
LBA image yield similar fluxes for the nova shell, but the VLBA
mage better hones in on the nova shell, we use the VLBA image
or estimating the shock velocity and magnetic field (Table 2 ). 
The major and minor axes are listed in Table 1 . Generally, the
ajor axis of the nova shell is oriented east–west and the minor
xis north–south, although we note that the source is not greatly
longated in the east–west direction in any of the epochs. 

.3 Velocities and expansion-parallax distance 

f we assume a distance of 9 kpc to V3890 Sgr, as suggested by
. Mikołajewska et al. ( 2021 ) based on the assumption that the
ed giant companion is Roche-lobe filling, the diameter of V3890 
gr’s VLBA emission would be 1 . 1 × 1015 cm on day 8, growing to
 . 7 × 1015 cm on day 51. This implies remarkably high expansion
elocities of 8080 km s−1 over the first 8 d, and ∼5000 km s−1 over
he following 43 d. 
To test if these high expansion velocities are plausible in 
3890 Sgr, we inspected H α line profiles as observed by 
MARTS/CHIRON. Six epochs of H α line profiles of the 2019 
ruption are plotted in Fig. 2 . The full width at zero intensity
FWZI) was estimated for each of the H α emission lines using
pecplot in iraf . To measure the FWZI, we estimated the con-
inuum level of the data and measured where the H α emission
ine met that continuum level. 
A spectrum obtained more than a year before the 2019 eruption
hows a very narrow H α emission line with no extended wings.
his emission emanates from the circumbinary material, ionized 
y the accreting white dwarf. One day following eruption, the 
 α line shows a much broader emission line with a remnant of 
he narrow emission line superimposed (implying the presence 
f unshocked circumstellar material; centered at v = −131 km 

−1 ). While the bulk of the emission is confined to ±5000 km s−1 ,
here may be faint wings on day 1 that extend to about ±9600
m s−1 . However, these wings are very faint, and sensitive to
MNRAS 552, 1–19 (2026)
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M

Figure 2. The H α emission-line profiles 470 d before V3890 Sgr’s 2019 
eruption and 1, 8, 16, 30, and 53 d after the eruption. 
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agaries of continuum fitting, so we are not certain how reliable
he presence of 9600 km s−1 gas is in V3890 Sgr. Prior to the
ruption, there is no evidence of these extended wings. By day 8,
he narrow component has broadened, and the broad wings have
isappeared, giving the profile a near-triangular shape. Although
 He i line at 6678 Å makes it difficult to measure the edge of 
he H α line profile, we estimate it converges with the contin-
um around ±4300 km s−1 . On day 16, the narrow component
s very strong compared to the broad component, and the H α

ine reaches −3840 km s−1 and +3650 km s−1 , indicating that the
xpansion is slowing. The broad component of the H α line has
urther narrowed by day 30 with HWZI v = 2520 km s−1 . By day
3 the line width has decreased to about v = ±1440 km s−1 . 
These spectroscopic velocities are lower than what is implied
y our VLBA images, if we take a distance of 9 kpc. J. Mikoła-
ewska et al. ( 2021 ) convincingly argue based on Na ID absorp-
ion lines that the distance to V3890 Sgr is at least 6 kpc, and
 distance of about 9 kpc is likely an upper limit, as it assumes
he red giant companion completely fills its Roche Lobe. We
ombine the spectroscopic velocities and our VLBA imaging to
stimate expansion parallax distances, taking the expansion in
he north–south direction, as V3890 Sgr is viewed relatively edge-
n ( i ≈ 68◦; J. Mikołajewska et al. 2021 ) and our imaging shows
he orbital plane is oriented roughly north–south, so the radial
elocity will more closely mirror the north–south expansion than
ast–west. Assuming that the emission began as a point source on
ay 0 and expanded to a diameter of 7.9 mas by day 8.1, we find a
istance of 11.4 kpc if the 9600 km s−1 broad wings are reliable,
nd a distance of 5.9 kpc if the radio emission is characterized
y expansion of 5000 km s−1 , more in line with the bulk of the
mission-line flux. Between days 8 and 16, we estimate an ex-
ansion parallax distance of 6.6 kpc (for an average spectroscopic
elocity of 4000 km s−1 during this time). Between days 16 and
2, we find 6.9 kpc for an average velocity of 3130 km s−1 during
his time. Choosing to disregard the first epoch due to ambiguity
ith the FWZI measurement, we prefer a distance of 6.8 kpc to
NRAS 552, 1–19 (2026)
3890 Sgr, and use this throughout the rest of this paper. Veloc-
ties estimated from our VLBA images, taking d = 6 . 8 kpc and
he geometric mean of the major and minor axis of V3890 Sgr,
re listed in Table 2 . 
At this distance, the dimensions of the diffuse radio emission
etected by EVN + e-MERLIN on day 48 are 8 × 1015 cm by
 × 1015 cm. If this material was launched on day 0 of the 2019
ruption, it would have needed to expand at ∼15 000 km s−1 ,
uch faster than is observed in V3890 Sgr (or in any nova that
e know). We therefore conclude that this diffuse emission was
aused by a relativistic tracer, like photons or cosmic rays, es-
aping the nova shell and interacting with the environment. We
iscuss this scenario more in Section 5.4 . 

.4 Fraction of flux ‘resolved out’ by VLBA 

n Fig. 3 , the VLA light curve, which measures V3890 Sgr’s in-
egrated radio flux density, is plotted using stars and compared
o the VLBI light curve plotted as dots. The total flux density
f V3890 Sgr in our VLBA and EVN + e-MERLIN images is
ound by boxing a region around the nova in carta . We then
stimated the associated uncertainty by determining how many
ynthesized beams fit into this region, and multiplying the image
ms noise by the square root of this number of beams. We added
his uncertainty in quadrature with an estimated flux calibration
rror of 5 per cent, as all frequency bands are below 10 GHz. The
esulting flux densities and errors are listed in Table 1 . 
We see the VLBA light curve is brightest during our first epoch
n day 8, and the 4.87 GHz flux density then declines with a
ower-law slope of −0 . 91 ± 0 . 45 (excluding the EVN point that
etects the diffuse flux). The VLA light curves peak 11 d after
iscovery; if we measure the power-law slope of the 5.0 GHz band
rom day 9 to day 51 we find a shallower decline than VLBA with
ower-law slope of −0 . 67 ± 0 . 05 . 
The VLBA observations appear to capture most of the flux den-
ity seen in the VLA observations. On day 8 the VLBA captures
7 per cent of the flux density in 4.87 GHz and on day 16 the
LBA captures 83 per cent. This confirms that the radio emission
s synchrotron-dominated, as the VLBA is not sensitive to thermal
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Figure 4. Brightness temperature measurements as a function of time 
following V3890 Sgr’s 2019 eruption, measured from our VLBA images 
in 4.87 GHz (plotted as blue triangles) and 8.37 GHz (plotted as orange 
circles). 
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mission (the theoretical 3 σ brightness temperature sensitivity of 
he VLBA is 3 . 1 × 105 K at 4.87 GHz and 3 . 5 × 105 K at 8.37 GHz,
or our exposure times; equation 2 ). 
However, the second bump in the VLA light curve, which 
appens around day 50, is missed by our day 51 VLBA image,
etecting only 13.9 mJy of the 17.3 mJy integrated and explaining 
he steeper decline of the VLBA light curve, compared to VLA. 
e do note the appearance of two significant compact flux com- 
onents near the center of the nova in our Day 51 image (panel f 
f Fig. 1 ). However, these two components have a combined flux
f 1 . 8 ± 0 . 13 mJy, which is not enough to explain the increase in
ux density in the VLA light curve around this time. 
The flux density measured from the nova shell in the day 48
VN + e-MERLIN image is similar to the day 51 VLBA image, at
2.4 mJy, but EVN + e-MERLIN recovers significant diffuse flux 
xtended over ∼0.1 arcsec, which rivals the integrated flux, at 17.2 
Jy. We conclude that the origin of the second radio bump is not
aused by a brightening at the shock front (as proposed by M. M.
yamai et al. 2023 ), but instead by an enhancement of diffuse
adio emission upstream of the shock front. We consider possible 
hysical explanations for this emission in Section 5.4 . 

.5 Brightness temperature 

he brightness temperature was calculated from our VLBA im- 
ges of the nova shell, assuming a source with a Gaussian shape
nd the relation from J. Wrobel & R. Walker ( 1999 ): 

B = 1224 K
Sν

mJy 

( ν

GHz 

)−2 ( θmaj θmin 

arcsec2 

)−1 
. (2) 

ere, ν is the frequency of the observation, Sν is the flux density
t that frequency, θmaj is the FWHM major axis of the source,
nd θmin is the FWHM minor axis. In this case, we estimated the
iameter of V3890 Sgr from 3 σ contour levels, as listed in Table 1 .
Fig. 4 plots the calculated brightness temperature as a function 
f time following the 2019 eruption. The 4.87 GHz brightness 
emperature starts at 2 . 8 × 108 K on day 8 and declines to a value
f 2 . 2 × 106 K by day 51. The 8.37 GHz brightness temperature
tarts lower at a value of 3 . 9 × 107 K and declines to 1 . 2 × 107 K
n day 16. At all times, the brightness temperature is high, staying
ell above a thermal expectation of � 5 × 104 K (L. Chomiuk 
t al. 2021b ). These TB estimates are consistent with the conclu-
ion in the previous subsection that the vast majority of the flux
s synchrotron emission. 
M. M. Nyamai et al. ( 2023 ) estimated the brightness tempera-

ure of V3890 Sgr from VLA observations of the integrated flux, by
ssuming a spherically symmetric shell expanding at a constant 
elocity of 4200 km s−1 at a distance of 9 kpc. The flux densities
sed were from the 1.28 GHz VLA observations. Our brightness
emperature measurements are similar to M. M. Nyamai et al. 
 2023 ) on day 8 ( 2 . 8 × 108 K vs their ∼ 2 . 5 × 108 K). However, our
rightness temperature decreases much faster (51 d after eruption
e have a value 2 . 2 × 106 K vs their 2 × 107 K). This difference
an partially be explained by the negative spectral index and the
ifference in frequencies used to estimate TB . Additionally, we as- 
ume a smaller distance than M. M. Nyamai et al. ( 2023 ), and our
nitial velocity measurement is faster and declines more rapidly 
han the modeled velocity used in M. M. Nyamai et al. ( 2023 ).
ur VLBA estimates of TB are made directly from images, and 
re therefore more reliable than those estimated from integrated 
uxes relying on assumptions about the emitting region size. 
We also estimate the brightness temperature of the diffuse flux 
etected by the EVN + e-MERLIN on day 48 (panel (h) of Fig. 1 ).
he emission is patchy, and peaks at 0.27 mJy beam−1 , which cor-
esponds to a peak brightness temperature of 1 . 3 × 105 K. Such a
igh surface brightness makes it unlikely to be thermal emission, 
s might be expected if circumstellar material is photoionized by 
he nova; in this case, we would expect TB ≈ 104 K. The relatively
igh brightness temperature of the diffuse emission and spectral 
ndex of the second radio bump (Section 3.7 ) make it likely that
he diffuse emission is synchrotron in origin. 

.6 Magnetic field strength 

he magnetic field strength in V3890 Sgr’s synchrotron-emitting 
ova shell was calculated using the revised equipartition formula 
rom R. Beck & M. Krause ( 2005 ): 

eq =
( 

4 π (1 − 2 α)(K0 + 1) IνE1+2 α
p (ν/ 2 c1 )−α

(−2 α − 1) c2 lc4 

) 

1 
3 −α

. (3) 

ere, K0 is the proton-to-electron number density ratio amongst 
he relativistic particles, α is the radio spectral index defined as 
ν ∝ να , Iν is the synchrotron intensity at frequency ν, Ep is the
roton rest energy (938.26 MeV), and l is the path-length through
he synchrotron-emitting region. c1 = 6 . 264 × 1018 erg−2 s−1 G−1 

nd c4 = (2 / 3)(α+1) / 2 , as defined in R. Beck & M. Krause ( 2005 )
n Appendix A. c2 is defined in R. Beck & M. Krause ( 2005 ): for
n α = −0 . 7 , c2 = 1 . 016 × 10−23 erg G−1 sterad −1 . 
The spectral index of V3890 Sgr is relatively flat compared 

o other astrophysical synchrotron sources. On Day 16, we es- 
imate α = −0 . 25 from our VLBA images. Even at late times,
he spectral index converges to α ≈ −0 . 4 (M. M. Nyamai et al.
023 ). However, equation ( 3 ) is only valid for α values steeper
han −0 . 5 , so we consider two spectral index values to give a
ense of how B varies with assumed α. We consider α = −0 . 7 ,
s is typical for other synchrotron-emitting astrophysical shocks 
e.g. K. W. Weiler et al. 2002 ; D. A. Green 2019 ) and α = −0 . 55
hich approximates most closely the measured spectral index in 
3890 Sgr. It is quite possible that the true underlying spectrum
s flatter yet than α = −0 . 55 , but we use the difference in B fields
erived from α = −0 . 55 and −0 . 7 to give a sense of the amplitude
f uncertainty. Iν was found by dividing the measured flux density 
MNRAS 552, 1–19 (2026)
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Figure 5. Spectral index map of the September 4 observation, 8.1 d after 
eruption, using 4.87 and 8.37 GHz. The September 4 8.37 GHz image 
contours are overlaid on the SIM. 

Figure 6. Spectral index map of the September 12 observation, 16 d after 
eruption, using 4.87 and 8.37 GHz. The September 12 8.37 GHz image 
contours are overlaid on the SIM. 
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y the angular area of the nova, measured from our VLBA images.
e set K0 to be 40 and 100; K0 = 100 comes from measurements
f local Galactic cosmic rays and K0 = 40 is expected for strong
hocks (R. Beck & M. Krause 2005 ). The path length l takes a
istance of 6.8 kpc and the estimates of the minor axis angular
ize from Table 1 . 
The resulting magnetic field estimates are listed in Table 2 .
alues for α = −0 . 7 are listed first, followed by values for α =
0 . 55 in brackets. The values are a factor of ∼1.7 higher for
= −0 . 55 . For day 8 and 16, we only considered the eastern
LBA component, as the western component is likely affected by
bsorption. On day 8 the magnetic field is 0.27 G (for K0 = 40 and
= −0 . 55 ) and diminishes to 0.05 G by day 51. For K0 = 100 on
ay 8 the magnetic field is slightly higher at 0.35 G and declines
o 0.06 G by day 51. We take the spread between the four B field
alues listed for a given epoch in Table 2 to give a sense of the
ncertainty on B: a factor of ∼2. As it is likely that the true
pectral index is shallower than α = −0 . 55 , these B values are
ikely underestimates. 
These magnetic field strengths in V3890 Sgr are comparable
ith other novae that have been imaged with the VLBA. In V1535
co, J. D. Linford et al. ( 2017 ) estimate magnetic field strengths
f 0.13 G for K0 = 40 and 0.17 G for K0 = 100 about 7.7 d after
ruption using a path length of ∼ 1013 cm, comparable to our
ay 8.1 estimates in V3890 Sgr assuming α = −0 . 7 . In imaging
f V1674 Her, M. Williams et al. (in review) estimate the mag-
etic field on day 20 to be 0.09 G for K0 = 40 and 0.11 G for
0 = 100 , very similar to what we find for V3890 Sgr 16 d after
ruption (again, assuming α = −0 . 7 ). RS Oph was also found
o have similar magnetic field values, of 0.09 G for K0 = 40 and
.11 G for K0 = 100 about 21 d after eruption (M. P. Rupen, A. J.
ioduszewski & J. L. Sokoloski 2008 ). 
We also estimate the magnetic field pressure, given by PB = B2 

8 π .
he magnetic field pressures on day 8.1 are 0.003 dyn cm−2 for
0 = 40 and α = −0 . 55 , and 0.005 dyn cm−2 for K0 = 100 . On day
6, the magnetic pressure has decreased to 9 × 10−4 dyn cm−2 for
0 = 40 and 0.001 dyn cm−2 for K0 = 100 . By day 51, the magnetic
ressure has further declined to 1 × 10−4 dyn cm−2 . 
These magnetic field determinations will be used to estimate

he magnetic pressure fraction ( εB ) in Section 5.2 . 

.7 Spectral index maps 

e combine our 4.87 and 8.37 GHz VLBA images to measure
he spectral index α across V3890 Sgr on days 8 and 16 of the
ruption. The spectral index maps (SIMs) use images of the nova
ade in difmap . 
Each epoch had identical map and cell sizes. The 4.87 GHz UV
ata were plotted in radpl , and the data on the shortest baselines
ere cut so that the data began at the same minimum UV dis-
ance as the corresponding 8.37 GHz data. The 8.37 GHz images
ere also tapered to have the same beam size as the 4.87 GHz
mages. This way the UV ranges sampled by the two frequencies
re brought into alignment. The fits files were then loaded back
nto aips to make the spectral index maps. Using blank the nova
as outlined, and regions without significant nova emission were
lanked out in both frequencies. Then an image cube was made
sing fqub, which was then transposed using trans . The SIM
as made using spixr . 
The SIMs are shown in Figs 5 and 6 . The more yellow regions
orrespond to a positive spectral index, brighter at higher fre-
uencies. Contours of the 8.37 GHz image flux [identical to those
NRAS 552, 1–19 (2026)
n panels (a) and (c) of Fig. 1 ] are added to further show how the
pectral index is changing over the source. 
From the SIM on day 8 (Fig. 5 ), we see that the spectral index
hanges over the source, with the eastern region having a spectral
ndex of around −0 . 5 to 0.5. The western component is more
ositive with values of α ≈ 2 . This could be explained by the
astern region being optically thin synchrotron emission and the
estern region still being optically thick, free–free absorbed by
ntervening CSM (see fig. 2 of U. Munari et al. 2022 for a nice
llustration). The hole located just to the west of the image center
s due to a small region with negative flux density in the 4.87
Hz image. At this same location, there is significant positive flux
rom the source in the 8.37 GHz image, ∼ 0 . 0015 Jy. When the
wo images are overlaid, this results in a non-physical spectral
ndex. The values on the edge of this hole should also be disre-
arded. Here we have reduced the scale to only allow for a range
f α = −2 to 2. Due to noise and the differences between the
pparent structures in the 4.87 GHz and 8.37 GHz images, the
pectral index calculated at the edges of the SIMs should also be
isregarded. 
In the day 16 SIM, the spectral index in the eastern region
ecomes more negative, with values ranging from −1 to 0.5. The
estern region has become flatter, with values ranging from 0.5
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Figure 7. γ -ray light curve for V3890 Sgr obtained using Fermi /LAT data 
with a bin width of 15 d. Blue circular points indicate bins with a test 
statistic of 4 or greater, corresponding to at least a 2 σ detection, while 
orange upside down triangles show 95 per cent upper limits on the γ -ray 
flux. 
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o 2. The negative spectral index seen in the eastern region is as
xpected for synchrotron emission from shocks originating from 

jecta hitting up against strong CSM (J. D. Linford et al. 2017 ).
his is also seen in RS Oph’s early radio emission (S. P. S. Eyres
t al. 2009 ). 
To attempt to constrain the spectral index of the diffuse emis-
ion in the day 48 EVN + e-MERLIN image, we considered the
LA observations published in M. M. Nyamai et al. ( 2023 ). High-
requency ( � 30 GHz) observations obtained in the VLA’s A con-
guration should be able to resolve this diffuse emission. Unfor- 
unately, while the VLA observations obtained on days 45 and 
1 were in A configuration, they were limited to < 8 GHz, where
esolution is poorer. The VLA observation from day 67 did include
igher-frequency data, but were obtained in A-to-D configuration 
ove time, which made extracting a high-resolution image dif- 
cult, with limited baselines probing the small angular scales. 
e conclude that there is no bright flux at 30 GHz resolvable
n ∼0.06 arcsec scales, and the VLA data are all consistent with
oint-like emission. This, along with the fact that the integrated 
adio spectrum during the second bump maintains a negative 
pectral index ( α = −0 . 4 ; M. M. Nyamai et al. 2023 ), leads us to
onclude that it is likely that the diffuse emission is brighter at
ower frequencies, as expected for synchrotron emission. 

 FERMI  GEV  γ-RAY  ANALYSIS  

.1 LAT light curve 

3890 Sgr’s > 100 MeV γ -ray light curve, as measured by 
ermi /LAT, is shown in Fig. 7 with time bins that are 15 d wide
nd sampling every 2 d. The displayed light curve spans 2019 
une 29 to November 15, with the maximum flux being 2019 Sep
 (5 d after start of eruption/optical peak). To convert between 
hoton and energy fluxes, we assume a standard spectral model 
ased on V906 Car (currently the highest S/N γ -ray detection of 
 nova; E. Aydi et al. 2020 ), which has been found to be reason-
ble for most novae (A. Franckowiak et al. 2018 ). For our energy
and, this translates to a conversion factor of 1 photon cm−2 
−1 = 1 . 2794 × 10−3 erg cm−2 s−1 (the same one used by P. Craig
t al. 2025 ). Given the low S/N of the V3890 Sgr detections, the
vailable data are not able to provide better constraints on the γ -
ay spectrum of this nova. A maximum flux value of 1 . 43 × 10−10 

rg s−1 cm−2 with an error of 4 . 6 × 10−11 erg s−1 cm−2 were 
ound. A narrower bin, beginning 2 d before the optical peak
o ensure that we capture the start of the γ -ray emission, and
nding at the observed maximum in the light curve, with free
pectral parameters, yields a somewhat larger flux of 2 . 4 × 10−10 

rg s−1 cm−2 , with a relatively large uncertainty of 1.5 ×10−10 erg 
−1 cm−2 . We take this to be the maximum γ -ray flux during the
ruption to estimate the system’s γ -ray luminosity. 
At a distance of 6.8 kpc, this Fermi /LAT flux corresponds to

 peak > 100 MeV luminosity of (1 . 1 ± 0 . 6) × 1036 erg s−1 , or
bout 1 per cent of the white-dwarf Eddington luminosity. This 
s more luminous than V745 Sco ( < 5 . 2 × 1035 erg s−1 at 8.2 kpc;
. Franckowiak et al. 2018 ; I. Molina et al. 2024 ) and V407 Cyg

 6 . 6 × 1035 erg s−1 at 3.5 kpc; A. A. Abdo et al. 2010 ; L. Chomiuk
t al. 2021a ). V3890 Sgr is significantly less γ -ray luminous than
S Oph at peak ( 6 . 7 × 1036 erg s−1 at 2.7 kpc; V. A. Acciari et al.
022 ; C. C. Cheung et al. 2022 ). V3890 Sgr’s γ -ray luminosity
anks in the top ∼quarter of the classical nova sample of P. Craig
t al. ( 2025 ), which is focused on novae with main-sequence com-
anions but provides an overview of the state -of-the -art of the
opulation of γ -ray detected novae. 
The light curve in Fig. 7 indicates that V3890 Sgr had a peak

n the γ -rays around the time of optical maximum, and emitted
ignificantly until 23 d after optical peak. Interestingly, there is a
arginal detection (with a detection defined here as a test statistic
f at least 4) around day 60, after a series of non-detections.
he timing of this γ -ray reappearance is strikingly similar to the
iming of the second radio bump (day ∼40–80; Fig. 3 and M. M.
yamai et al. 2023 ). Possible explanations for this resurgence of 
-rays and radio emission are considered in Section 5.4 . 

.2 LAT test statistic 

 plot displaying the test statistic throughout V3890 Sgr’s 
ermi /LAT light curve is shown in Fig. 8 . Each point matches
 point in the light curve, so the sampling is again a series of 
ins with a width of 15 d, sampled every 2 d. A horizontal line
isplays the threshold for a significant detection in the light curve,
et to the 2 σ level. The highest test statistic recovered in the light
urve is 19.0, found on day 5 (also the day with the maximum
bserved flux), which corresponds to a 4 . 3 σ detection. We note
hat a larger test statistic can be found with a longer time window,
xceeding a 5 σ detection (see below). In the tentative secondary 
eak around day 60, there are a series of several bins with test
tatistics between 4 and 7, which meet our cut-off for significance 
n the light curve. 
Measuring the duration of the γ -ray emission is tricky in 

ight curves with large, overlapping time windows. Following the 
ethods of A. Franckowiak et al. ( 2018 ), we find the test statistic
cross a range of start and end times. This includes start times at
 d intervals ranging from 10 d before the optical peak until 10 d
fter the peak, and end times at 1 d intervals ranging from 1 to 35
 following the optical peak. The exceptions are any start and end
ime combinations that lead to the start time being the same as or
MNRAS 552, 1–19 (2026)
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M

Figure 8. Fermi /LAT test statistic on V3890 Sgr as a function of time, 
with windows of 15 d. Time shown is relative to the optical peak. The 
horizontal dotted line displays the TS = 4 significance cut-off adopted 
for the light curve in Fig. 7 .The secondary peak in TS seen around day 
60 reaches a maximum of 7.1, yielding a secondary marginal detection 
around this time. 
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Figure 9. Grid of TS values assuming different windows of data selection 
for V3890 Sgr. The circled point corresponds to the maximum recovered 
TS value of 25.5, and a duration of 23 d. The upper left corner is blank 
because in this region the end times would be before the start times, and 
therefore there are no data. 

Figure 10. Histogram showing the obtained Fermi /LAT test statistic val- 
ues from background-sampled regions. The vertical orange line displays 
the cut-off for a significant detection (TS > 4 ). Only 2.6 per cent of our 
background samples would meet this criterion, and one out of 227 trials 
matches or exceeds the observed test statistic value in the secondary peak 
(TS > 7 . 1 ). 
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fter the end time. From this analysis, the maximum TS value is
btained starting 2 d before the optical peak, and continuing until
1 d after the peak, corresponding to a γ -ray duration of 23 d. This
olution also corresponds to our maximum TS value of 25.5, a 5 σ
etection. The assumed spectral model is again a power law with
n exponential cut-off (equation 1 ), but here the power law index
nd energy cut-off are allowed to vary. The resulting grid of TS
alues is displayed in Fig. 9 . 
As the secondary peak around day 60 is only a marginal de-

ection, with the significance peaking at 2.5 σ in our light curve,
e investigate the rate of false positives at this significance level.
he goal is to eliminate the possibility that we are getting false
etections due to a poor fit to the background or similar mod-
ling difficulty. In order to make the fairest comparison with
ur generated light curve, we extend the start time of our light
urve to 10 yr before the optical peak for this nova, with in-
reased spacing between bins of 15 d such that adjacent bins do
ot overlap. Data more than 60 d before the eruption certainly
ontain no γ -ray emission from the nova eruption itself, so we
epeat our analysis at these times to search for false positives.
he distribution of test statistics recovered from this data set is
hown in Fig. 10 . The vertical line displays the same cut-off used
n our light curve. Out of 227 independent samples, we find 7
hat exceed our TS > 4 significance cut-off, consistent with the
 σ confidence level. Only one of the samples reached TS ≥ 7 . 1 ,
hich is the peak TS we measure for the tentative secondary
eak. This low false detection rate leads us to have confidence that
he secondary γ -ray peak in V3890 Sgr is a valid 2 . 5 σ marginal
etection. 
By altering the assumed spectrum for the time window 52.5-

 67.5 (centered on day 60) ( ±0 . 5 on the spectral index and a 2–5
eV cut-off), the flux ranges from (2 − 5) × 10−8 ph s−1 cm−2 ,
NRAS 552, 1–19 (2026)
ithin our flux uncertainty. Most solutions imply ∼ 2 . 5 σ signifi-
ance, but this drops once the spectral index exceeds γ1 ∼ 2 . 3 . 
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 MODELLING  THE  SHOCK  IN  V3890  SGR  

.1 Density of the shocked gas 

he density of the gas being shocked, ρ, is a key parameter in
etermining shock signatures. In V3890 Sgr, ρ is the density of 
he pre-existing CSM, expelled from the red giant as a wind. Here,
e assume a spherical wind of constant mass-loss rate Ṁw and 
elocity vw , which yields a CSM density profile of 

= Ṁw 

4 πvw r2 
. (4) 

hile the CSM in V3890 Sgr is likely more complex than a simple
pherical wind, our VLBI images show that, at least for the first
2 d, the radio-emitting shock is likely to be interacting with the
ower-density spherical component (as opposed to the EDE). This 
hock component, with relatively low absorption (as opposed to 
he shocks in the orbital plane, which are likely dominating the
-rays; Section 5.3 ), is also most likely to produce the X-rays
etectable by Swift /XRT. 
We therefore estimate ρ from the hard X-ray emission observed 
y Swift /XRT (K. L. Page et al. 2020 ); APEC normalization factors
nd temperatures from these observations are listed in Table 3 . 
hile the X-ray plasma temperatures listed in Table 3 are rather

ow, similarly modest X-ray temperatures have been measured in 
ther symbiotic recurrent novae at 1 week after optical peak (e.g. 
S Oph and V745 Sco; L. Delgado & M. Hernanz 2019 ; M. Orio
t al. 2023 ). It is possible that the hot X-ray plasma is mixing with
ooler gas from behind the shock, reducing the temperature. 
The APEC normalization factor constrains the number density 
f electrons and ions as 

orm = 10−14 

4 πD2 

∫ 
ne nH d V. (5) 

e solve for nH assuming that ne = nH , D = 6 . 8 kpc, and V is
he volume of the hot shocked region. We assume the hot APEC
omponent is filling the volume between the forward shock and 
he contact discontinuity, take the radius of the forward shock 
rom our VLBA images, and estimate the radius of the contact 
iscontinuity ( RCD ) from the formalism described in X. Tang & 

. A. Chevalier ( 2017 ) and M. M. Nyamai et al. ( 2023 ): RCD ≈
 . 35 RFS over the time-scale of our VLBA observations. The re-
ulting densities of the hot shocked gas are listed in Table 3 . For
stimating an uncertainty on this density, we propagate through 
he APEC uncertainty and also assume a 10 per cent uncertainty
n our radius measurements, which reflect difficult-to-quantify 
ncertainties in the source morphology. A 10 per cent uncertainty 
n radius translates to a 30 per cent uncertainty on volume, which
ominates the uncertainties in most epochs. 
These nH estimates can be used to estimate ρ, the density of 

he gas being shocked, assuming a compression ratio of 4 as
xpected for a strong shock. We estimate the mass-loss rate into
he spherical component of the CSM, Ṁw , from equation ( 4 ),
ssuming vw = 10 km s−1 as expected for a red giant, the radii
rom our VLBA images, and D = 6 . 8 kpc. These Ṁw estimates
re also given in Table 3 , along with uncertainties propagated 
hrough from APEC uncertainties. 
We find that Ṁw ≈ 2 × 10−7 M� yr−1 in V3890 Sgr, consistently 
cross our four imaging epochs as expected if the CSM truly
s distributed as a wind. There is some indication that the Ṁw 
erived from the two later epochs is lower than in the first two
pochs, but these variations are within the uncertainties borne 
f uncertain APEC normalization and shock volume. We also 
l
ote that this estimate is model-dependent, depending on several 
ssumptions like the metallicity and ionization state of the gas 
we assume ne = nH ). 
To sanity check this estimate of Ṁw , we searched for radio 
bservations of V3890 Sgr in quiescence, when free–free ther- 
al emission is expected to dominate, driven by the CSM ion-
zed by the accreting white dwarf (E. R. Seaquist & A. R. Tay-
or 1990 ). While there are no targeted observations in the VLA
rchive, we obtained limits on the radio flux from the VLA
ky Survey (VLASS; M. Lacy et al. 2020 ). VLASS Epoch 1.1 ob-
erved V3890 Sgr on 2018 Feb 17, and reveals a low-significance
eak ( 2 . 9 σ ) near the position of V3890 Sgr. We are not con-
dent that this is a detection, and therefore take a 3 σ upper
imit of < 0.59 mJy at 3.0 GHz. Using equation ( 2 ) of E. R.
eaquist & A. R. Taylor ( 1990 ) and assuming α = 0 . 6 in quies-
ence (A. E. Wright & M. J. Barlow 1975 ), we estimate an upper
imit on Ṁw of < 5 × 10−7 M� yr−1 , consistent with our X-ray 
stimates. 
Ṁw = 2 × 10−7 M� yr−1 is typical for a symbiotic star, whose 
˙w span 10−8 − 10−5 M� yr−1 (E. R. Seaquist & A. R. Taylor 
990 ; E. R. Seaquist, M. Krogulec & A. R. Taylor 1993 ). However,
t is significantly higher than other symbiotic recurrent novae, 
ike V745 Sco (Ṁw = 2 × 10−8 M� yr−1 ; S. Orlando et al. 2017 ;
. Molina et al. 2024 ), and T CrB (Ṁw = 2 × 10−9 M� yr−1 ; S. Or-
ando et al. 2025 ). The symbiotic recurrent nova RS Oph also has
 lower Ṁw ≈ 6 × 10−8 M� yr−1 in the spherical CSM component 
S. Orlando et al. 2025 ), but ˙MEDE ≈ 2 × 10−7 M� yr−1 in the EDE 

for comparable vw = 10 km s−1 ; R. Lico et al. 2024 ), implying
SM that is more strongly confined to the orbital plane than in
3890 Sgr. 
Our estimate of Ṁw is also significantly higher than the mass- 

oss rate estimated from modelling V3890 Sgr’s radio light curve 
n M. M. Nyamai et al. ( 2023 ): Ṁw ≈ 10−8 M� yr−1 , but we note
heir estimate depends crucially on the poorly known efficien- 
ies of amplifying magnetic fields and accelerating relativistic 
lectrons, and that it is possible to get good fits to the radio
ight curve with Ṁw = 2 × 10−7 M� yr−1 . The relatively dense 
nvironment of V3890 Sgr, and the relatively spherical distribu- 
ion of the CSM (as opposed to confinement in an EDE) likely
xplains why its radio flux is so bright and radio images reach
ood S/N, even at a relatively large distance of 6.8 kpc. Its 5
Hz spectral radio luminosity at d = 6 . 8 kpc is 2 . 9 × 1021 erg s−1 
z−1 , a factor of ∼ 4- 5 greater than RS Oph (R. M. Hjellming
t al. 1986 ; S. P. S. Eyres et al. 2009 ) and V745 Sco (I. Molina
t al. 2024 ). 

.2 Efficiency of magnetic-field amplification and Lepton 

cceleration 

e can use the magnetic field estimates from Section 3.6 to con-
train the efficiency with which the shock accelerates leptons ( εe )
nd the fraction of the post-shock pressure in magnetic fields ( εB ).
e remind the reader that B was estimated assuming equiparti- 
ion with relativistic electrons, such that implicitly εB = εe , where 
e is the fraction of the post-shock pressure in relativistic elec- 
rons, εB is defined such that B2 

8 π = εB ρ v2 s , and ρ is the density 
f gas being shocked. These ε factors are commonly used in 
odelling radio emission from diverse astrophysical transients 
e.g. R. A. Chevalier 1982 ; P. Chandra & D. A. Frail 2012 ; M. F.
ietenholz et al. 2021 ; R. Margutti & R. Chornock 2021 ). Table 2
ists B and vs estimates from our VLBI images, and we estimate ρ
MNRAS 552, 1–19 (2026)
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Table 3. Properties derived from X-ray spectra of V3890 Sgr. 

Day kThot Normhot kTcool Normcool nH (hot) Ṁw 
(keV) (cm−5 ) (keV) (cm−5 ) ( 106 cm−3 ) ( 10−7 M� yr−1 ) 

7.7 2 . 8+1 . 1 
−0 . 7 0 . 064+0 . 014 

−0 . 010 – – 11 . 1 ± 2 . 0 2 . 2 ± 0 . 4 
15.5 2 . 1+0 . 3 

−0 . 2 0 . 041+0 . 003 
−0 . 005 0 . 76+0 . 20 

−0 . 15 0 . 017+0 . 006 
−0 . 006 4 . 2 ± 0 . 7 2 . 3 ± 0 . 3 

31.9 1 . 5+5 . 9 
−0 . 3 0 . 017+0 . 006 

−0 . 012 0 . 62+0 . 37 
−0 . 29 0 . 011+0 . 007 

−0 . 005 1 . 1+0 . 3 
−0 . 5 1 . 9+0 . 4 

−0 . 7 
51.4 < 0 . 9 0 . 008+0 . 001 

−0 . 001 – – 0 . 49 ± 0 . 08 1 . 6 ± 0 . 3 
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rom the spherical CSM component Ṁw estimated in the previous
ubsection. The resulting values of εB are listed in Table 2 . 
Our estimates of εB and εe range from 5 × 10−4 to 7 × 10−3 ,
epending on the epoch and the assumed values of K0 and α.
here is a variation of a factor of ∼4 between the εB values listed
n Table 2 for a given epoch, which demonstrates the level of un-
ertainty on εB borne of K0 and α. Moreover, uncertainty carried
ver from the density calculations implies errors of ∼17 per cent
n days 8.1, 16.0, and 51.0, and +23 

−39 per cent on day 32.0, which
s dwarfed by uncertainty in treating α. We again remind the
eader that the true α is likely to be shallower than −0 . 55 , which
ould imply stronger B fields and higher εB . There is a need
or a framework that treats synchrotron sources with α < −0 . 5
roperly (as these appear to occur frequently amongst novae), but
his is outside the scope of the paper as it requires significant work
nd is dependent on assumptions about the high-energy end of 
he relativistic lepton spectrum. 
The equipartition parameters estimated here for V3890 Sgr are
maller than what is often taken or inferred in studies of super-
ovae and γ -ray bursts (R. A. Chevalier & C. Fransson 2006 ; P.
handra & D. A. Frail 2012 ; L. Chomiuk et al. 2016 ), which might
e the result of the relatively low shock speeds in novae. For
xample, if the magnetic field is amplified via the non-resonant
treaming instability (A. R. Bell 2004 ), then εB scales as vs εp ,
here εp is the proton acceleration efficiency (see e.g. R. Diesing
t al. 2023 , for a detailed implementation). Moreover, estimates of 
e in supernova remnants, which have shock velocities similar to
hose seen in novae, find similarly low efficiencies (G. Morlino &
. Caprioli 2012 ; S. K. Sarbadhicary et al. 2017 ). 
There is some surprising indication that the efficiencies seem

o increase between day 8 and 32 in V3890 Sgr, counter to ex-
ectations for a decelerating shock. While the εB variations be-
ween epochs are technically larger than our formal uncertainty
assuming a fixed K0 /α), we are skeptical that this should be
nterpreted as real variations in εB , given significant uncertainty
n both the input parameters and modelling. We prefer the α =
0 . 55 εB values, which lead us to conclude εB = few × 10−3 , but
ote εB should be fully self-consistently modelled in the future,
ccounting for the radio spectral index which is likely α < −0 . 5 . 

.3 Lessons from simultaneous modelling of radio and 
-ray emission 

3890 Sgr achieved a peak γ -ray luminosity of Lγ ≈ 1 . 3 × 1036 
rg s−1 around the time of optical peak, assuming a distance
f 6.8 kpc. The maximum possible Lγ is the calorimetric limit,
n which accelerated protons lose all of their energy in proton–
roton collisions such that Lγ = κLp , where κ ≈ 0 . 1 is the frac-
ion of the proton energy that goes into γ - rays, and Lp is the cos-
ic ray (proton) luminosity (e.g. B. D. Metzger et al. 2015 ). Taking
p = εp Ls ≈ εp Mej v2 /tage , where Ls is the shock luminosity, Mej is
NRAS 552, 1–19 (2026)

s 
he nova ejecta mass, and tage is the nova age, we approximate: 

Lγ ≈ 2 . 3 × 1035 erg s −1 

×
(

εp 

10−2 

)(
Mej 

10−6 M�

)(
vs 

1000 km s −1 

)2 ( tage 
day 

)−1 
. 

(6) 

hus, for Mej ≈ 10−6 M� (M. M. Nyamai et al. 2023 ) and vs ≈
000 km s−1 , we obtain the observed Lγ ≈ 1 . 3 × 1036 erg s−1 at
age = 4 d. 
Of course, even higher values of Lγ may be achievable at ear-

ier times (the peak date of the γ -rays is uncertain) or with less
onservative assumptions about the ejecta mass and acceleration
fficiency. However, the fact remains that, to produce sufficient
-ray flux, the density of the shocked gas must be very large, such
hat the pion production time-scale, τpp , is comparable to (or less
han) tage . Taking τpp ≈ 260 d × (108 cm 

−3 /nH ) (R. Diesing et al.
023 ), we obtain a density, nH � 6 . 5 × 109 cm−3 , at tage = 5 d. Not
nly is this density much larger than that inferred in Section 5.1 ,
t is almost certainly opaque to radio due to the large free–free
ptical depth. Note that a comparable density must be maintained
ntil at least tage � 20 d – well after the radio detection – since
he γ -ray emission remains bright until that time. 
In short, consistent with previous analysis in the context of 
lassical novae (e.g. A. Vlasov, I. Vurm & B. D. Metzger 2016 ), the
-ray emission cannot arise from the same region as the radio.
he most natural explanation is CSM characterized by an EDE.
n this picture, a spherical outflow interacts with an aspherical
nvironment: the interaction between the outflow and the dense
quatorial medium produces a large γ -ray luminosity (but free–
ree absorption occludes any radio emission), while the interac-
ion between the outflow and the lower-density red giant wind in
he polar regions is responsible for the radio observations. This
icture is consistent with the bipolar structure observed with
LBA at intermediate times (16 d � tage � 32 d). 
This picture is also supported by a comparison of radio and γ -

ay luminosities of novae with evolved companions. While the
eak 5 GHz radio luminosity scales with the density of the spher-
cal wind component (Section 5.1 ), the γ -ray luminosity does not.
407 Cyg had denser spherical CSM than V3890 Sgr (Ṁw = 10−6 

� yr−1 ; L. Chomiuk et al. 2012 ) but less luminous γ -rays (Sec-
ion 4.1 ), while RS Oph is characterized by lower Ṁw and yet has
ore luminous γ -rays. We therefore predict that, of these three
ovae, RS Oph had the densest EDE and V407 Cyg had the least
ense. This is consistent with expectations for mass transfer by
ind Roche lobe overflow, where a larger fraction of the CSM is
xpected to be confined in the EDE for symbiotic binaries with
maller separations (S. Mohamed & P. Podsiadlowski 2012 ). 
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.4 Origin of the late-time diffuse radio emission 

he late-time radio excess observed in V3890 Sgr around t 	 

5 –60 d cannot be explained by direct emission from the for-
ard shock traced by our VLBI images. At these epochs, the
ngular extent of the diffuse radio emission detected by the 
VN + e-MERLIN ( ∼ 0 . 1 arcsec , corresponding to physical scales
1016 cm at d = 6 . 8 kpc) is far larger than can be reached
y ballistic nova ejecta expanding at the observed velocities ( �
000 km s−1 ; Section 3.3 ). This disfavors an origin in freshly
hocked ejecta or a simple density enhancement encountered by 
he forward shock. 
Instead, we propose that the late-time radio emission arises 

rom a synchrotron halo : non-thermal particles escaping from the 
-ray–producing shock and diffusing upstream, to interact with 
re-existing CSM at a relatively large radius. In this picture, we 
ocus on the shock in the equatorial region which, due to the
arge inferred post-shock density, is likely radiative; Section 5.3 . 
elativistic electrons and positrons – produced in proton–proton 
nteractions within the dense, radiative, and relatively unmagne- 
ized shell – leak out of the acceleration region, propagate into the
nshocked CSM, and radiate synchrotron emission over much 
arger spatial scales. In Appendix A , we present a simple analytic
odel for this synchrotron halo, demonstrating that the order-of- 
agnitude of the observed radio luminosity, spectral properties, 
nd spatial extent can be reproduced with physically reasonable 
arameters. 
In this framework, the forward shock continues to accelerate 
adrons and leptons at late times, particularly as indicated by 
he γ -ray re-brightening, but a fraction of the non-thermal par- 
icle population escapes upstream. Such escape is expected once 
he shock weakens and the surrounding medium becomes less 
onfining, particularly for high-energy protons and secondary 
eptons. Moreover, if the observed γ -rays are produced pre- 
ominantly through hadronic interactions, then charged pion 
ecay naturally injects relativistic electron–positron pairs with 
orentz factors γ ∼ 102 –104 , comparable to those required to 
roduce GHz synchrotron emission in magnetic fields of order 
0−4 –10−2 G. 
As these particles stream or diffuse into the unshocked red 
iant wind, they encounter pre-existing magnetic fields carried 
y the wind itself. For plausible red giant surface fields of order
G and flux-freezing in the outflow, the magnetic field strength at
adii ∼ 1015 –1016 cm is expected to be B ∼ 10−3 –10−2 G, compara- 
le to or slightly below the magnetic fields we infer in the shocked
egion at earlier times (Section 3.6 ). Additional amplification may 
ccur if escaping non-thermal ions drive plasma instabilities in 
he upstream medium (e.g. A. R. Bell 2004 ) or if the latter gas was
hocked and compressed by a previous recurrent nova eruption 
Section A3 ). 
Because the synchrotron cooling time of relativistic leptons in 
uch fields is much longer than both the wind expansion time
nd the particle transport time, the emitting particles are firmly 
n the slow-cooling regime (Section A4 ). As a result, the radio
uminosity reflects the cumulative injection and transport of non- 
hermal particles rather than local radiative losses. This naturally 
roduces a low-surface-brightness, extended radio halo whose 
haracteristic size is set by particle propagation rather than by 
jecta dynamics. 
A natural question raised by this scenario is why the diffuse

adio halo (and corresponding bump in the radio light curve) 
ppears contemporaneously with the second γ -ray peak, rather 
t  
han being dominated by particles accelerated during the earlier, 
ore luminous γ -ray phase near optical maximum. Those early 
hocks undoubtedly produced large numbers of non-thermal par- 
icles, which in principle could also escape upstream and propa- 
ate to large radii. 
If pairs were only produced during the first γ -ray peak, when

he shock was still compact, then the delayed rise-time of the
adio halo could in principle be attributed to the finite time re-
uired for the pairs to diffuse upstream into the red giant wind.
owever, it would then be a coincidence that the radio rebright-
ning occurred roughly contemporaneous with the second γ -ray 
eak. If the latter indicates ongoing shock interaction continuing 
o larger radii, the pairs released from this later shock phase may
ominate the observed emission. In particular, particles injected 
t early times escape at relatively small radii, r0 
 1015 cm, and 
ubsequently suffer substantial adiabatic energy losses as they 
ropagate outward through the red giant wind. By the time such
articles reach radii ∼ 1016 cm, their Lorentz factors have been 
educed by factors of ∼ r0 /r, shifting their synchrotron emission 
o frequencies well below the GHz band and rendering their con-
ribution to the observed radio halo negligible. 
The second γ -ray peak could mark the interaction of the nova
jecta with a denser circumstellar structure at r ∼ 1015 cm, such 
s a secondary density enhancement in the red giant wind or EDE
nferred from the radio light curve. Shocks formed at these larger
adii inject non-thermal particles with a much larger effective 
scape radius r0 . Because the subsequent adiabatic degradation 
rom r0 ∼ 1015 cm to r ∼ 1016 cm is modest, these particles re- 
ain sufficiently high Lorentz factors to radiate efficiently at GHz 
requencies. As a result, the late-time shocks dominate the ob- 
ervable synchrotron halo, even if the total non-thermal energy 
njected at earlier times was larger. 

 CONCLUSION  

e present VLBI radio imaging and Fermi /LAT GeV γ -ray mon-
toring of the 2019 eruption of the symbiotic recurrent nova 
3890 Sgr. VLBI imaging spans 8–51 d following eruption, con- 
urrent with the detected γ -rays. We conclude: 

(i) The VLBI images start out asymmetric on day 8, with the
astern component brighter than the western component. How- 
ver, the western component brightens with time, and by day 32,
he radio-emitting shell is quite circularly symmetric. We explain 
his evolution as bipolar expansion, with a density enhancement 
n the orbital plane oriented north–south and the western com- 
onent absorbed by the EDE at early times (as in RS Oph; U.
unari et al. 2022 ; R. Lico et al. 2024 ). In the EVN + e-MERLIN

mage from day 48, the shell appears brighter in the north–south
irection, implying that at late times the shocks interacting with 
he denser EDE become visible at radio frequencies. 
(ii) We measure the expansion of the radio-emitting shell and 
ompare it with radial velocities from optical spectroscopy. We 
hereby estimate an expansion parallax distance to V3890 Sgr of 
.8 kpc (Section 3.3 ). The radio images suggest significant decel-
ration of the shock between the first imaging epoch on day 8 and
ater epochs, from ∼6000 km s−1 to 3100 km s−1 . 
(iii) By comparing the flux recovered from our VLBI imaging 
ith integrated flux from the VLA (M. M. Nyamai et al. 2023 ),
e conclude that the VLBA is detecting most ( > 80 per cent) of 
he radio flux on days 8–32, confirming that the radio emission
MNRAS 552, 1–19 (2026)
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s characterized by high brightness temperatures only achievable
ith non-thermal emission ( > 107 K). 
(iv) On day 51, the VLBA resolves out ∼ a third of the inte-
rated flux, but the EVN + e-MERLIN recovers this missing flux
nd finds it is distributed in a diffuse halo � 1016 cm across with
eak TB ≈ 105 K. The appearance of this radio halo is coincident
ith a second peak in the VLA radio light curve (Fig. 3 ) and in the
-ray light curve (Fig. 7 ). The radio spectrum of this second peak
nd the brightness temperature of the diffuse flux significantly in
xcess of 104 K lead us to conclude that this halo is powered by
ynchrotron emission. 
(v) We find the > 100 MeV γ -rays peak at a flux of (1 . 9 ± 1 . 2) ×
0−7 phot s−1 cm−2 ( Lγ = 1 . 3 × 1036 erg s−1 at 6.8 kpc) around
he time of optical maximum. The γ -rays remain detectable for
3 d, and then reappear at 2.5 σ significance around day 60,
ontemporaneous with the second peak in the radio light curve
Section 4.1 ). 
(vi) By modelling the simultaneous γ -ray and radio emission

rom V3890 Sgr, we conclude that radio emission and γ -rays must
e originating from different portions of the shock: the high γ -
ay luminosity requires a very dense medium for efficient pion
roduction, while such a dense medium would free–free absorb
adio emission. It is likely that the radio-emitting shock marks
he ejecta’s interaction with a spherical wind-like component of 
he CSM, while the γ -rays originate from interaction with an
verdensity of CSM in the orbital plane (Section 5.3 ). 
(vii) We estimate the density of the CSM from X-ray obser-
ations of the hot shocked gas (K. L. Page et al. 2020 ), finding
hat the CSM can be parameterized as a spherical wind with
˙w = 2 × 10−7 M� yr−1 (assuming vw = 10 km s−1 ), plus denser
aterial in the orbital plane. This is significantly denser than the
SM estimated in other symbiotic recurrent novae (Section 5.1 ). 
(viii) By combining our velocity, magnetic field, and CSM den-
ity measurements, we can estimate the fraction of the post-shock
ressure in magnetic fields, and find εB ≈ few ×10−3 (Section
.2 ). We assume equipartition with relativistic electrons, so simi-
ar values of εe are implied. 
(ix) The ∼ 1016 cm synchrotron halo and late-time radio bump
ay be explained by relativistic leptons that escape the shocked
hell (most of secondary origin) and interact with CSM upstream
f the shock (Section 5.4 ). 
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PPENDIX  A:  A  SYNCHROTRON  HALO  MODEL  

OR  THE  LATE-TIME  RADIO  EMISSION  

n this Appendix we outline a simple analytic model for the dif-
use radio halo proposed in Section 5.4 . The goal is not to provide
 detailed numerical treatment, but rather to demonstrate that 
he observed radio luminosity, characteristic size, and spectral 
roperties follow naturally from non-thermal particles escaping 
he γ -ray–producing shock into the red giant wind. 

1 Injection and Transport of Escaping Pairs 

he late-time γ -ray luminosity is Lγ ∼ 1035 . 5 erg s−1 (Fig. 7 ). If the
-rays originate from hadronic interactions, a comparable power 
s injected into relativistic e± pairs through charged pion decay. 
e therefore parametrize the power injected into escaping pairs 
s 

± = ξ±Lγ , (A1) 

ith ξ± ∼ O(1) . 
Pairs escape the dense acceleration region at a characteristic 

adius 

0 ∼ 1015 cm , (A2) 

otivated by the VLBI size at t ∼ 50 d (Table 1 ) and the timing
f the second radio peak (Fig. 3 ). We take the injected pairs to
ave characteristic Lorentz factors γ±, 0 ∼ 102 –104 , in the range 
xpected if the observed Eγ ∼ 1 –10 GeV emission arises from 
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eutral pion decay following inelastic pp collisions. The corre-
ponding parent proton energies ( Ep ∼ 10 –100 GeV) imply sec-
ndary e± from charged pion decay with energies E± ∼ 0 . 1 –
0 GeV, consistent with this range of Lorentz factors. 
After escape, particles stream or diffuse outward with an effec-

ive radial speed v±. To populate the halo out to ∼ 1016 cm within
50 d requires v± � 0 . 1 c . In steady state, conservation of particle
ux gives a pair density profile 

±(r ) = Ṅ±
4 πr2 v±

= L±
4 πr2 v±γ±, 0 me c2 

. (A3) 

2 Red giant wind high-density and magnetic-field 

e assume a steady red giant wind with mass-loss rate Ṁw and
elocity vw , yielding a density profile 

(r ) = Ṁw 

4 πvw r2 
. (A4) 

e adopt Ṁw 	 2 × 10−7 M� yr−1 and vw 	 10 km s−1 , consistent
ith the X-ray constraints (Table 3 ). 
We assume the wind carries a magnetic field that is approxi-
ately frozen into the flow. Beyond the Alfvén radius, a conve-
ient scaling is 

 (r) = B∗

(
R∗
r 

)
, (A5) 

here B∗ is the red-giant surface field at radius R∗. For B∗ ∼ 1 –
0 G and R∗ ∼ 1 AU, this yields B ∼ 10−3 –10−2 G at r ∼ 1015 –
016 cm, comparable to the magnetic field strengths inferred in
he shocked region (Table 2 ). 

3 Magnetic field amplification 

he magnetic field calculated in the previous section assumes
hat the red giant wind has reached r ∼ 1016 cm since the pre-
ious (1990) nova eruption. Depending on the wind velocity, this
ay not be the case. However, we argue that B ∼ 10−3 - 10−2 is still
 reasonable estimate. Not only can the post-shock region of the
revious nova outburst contribute to the magnetic field at large
adii, but escaping particles (ions and pairs) drive magnetic field
mplification via streaming instabilities (e.g. E. S. Weibel 1959 ;
. Skilling 1975 ; A. R. Bell 2004 ). Assuming energy equipartition
etween the escaping pairs and the amplified field, we obtain, 

B2 (r) 
8 π

∼ u±(r) 	 L±
4 πr2 v±

. (A6) 

aking v± = 0 . 1 c , we find B ∼ 10−3 G for L± = Lγ = 1035 erg s−1 
nd r = 1016 cm. 

4 Slow cooling, characteristic frequency, and adiabatic 
osses 

t the field strengths relevant here, synchrotron cooling is ex-
remely slow compared to the transport/expansion time-scale.
e therefore assume that pairs cool predominantly adiabatically
s they propagate outward, so that 

±(r) 	 γ±, 0 

( r0 )
. (A7) 
NRAS 552, 1–19 (2026)

r 
The characteristic synchrotron frequency at radius r is 

νsyn (r) 	 6 GHz 
(
B∗
1 G 

)(
R∗
1 au 

)

×
(γ±, 0 

104 
)2 ( r0 

1016 cm 

)2 ( r 
1016 cm 

)−3 
. 

(A8) 

o that GHz emission naturally arises at r ∼ 1016 cm for fiducial
arameters. 
The synchrotron cooling time is 

tsyn (r) 	 1 . 1 × 104 yr 
(
B∗
1 G 

)−2 ( R∗
1 au 

)−2 

×
(γ±, 0 

104 
)−1 ( r0 

1016 cm 

)−1 ( r 
1016 cm 

)3 
. 

(A9) 

hile the transport/adiabatic time-scale is tad (r) ∼ r/v±. For the
arameter space of interest, tad 
 tsyn at all relevant radii, con-
rming that the pairs are in the slow-cooling regime. 

5 Radio luminosity and predicted flux density 

 useful way to estimate the synchrotron output in the slow-
ooling regime is to consider the energy contained in pairs within
 logarithmic radial interval at radius r. The residence time in a
hell of width d ln r is ∼ r/v±, so the energy content is 

d E±
d ln r 

(r) 	
(
r 
v±

)
Ṅ± γ±(r) me c2 , Ṅ± = L±

γ±, 0 me c2 
. (A10) 

sing γ±(r) = γ±, 0 (r0 /r) , the dependence on r and γ±, 0 cancels,
iving 

d E±
d ln r 

	 

L±r0 
v±

	 1 . 4 × 1040 
(

L±
1035 . 5 erg s−1 

)( r0 
1016 cm 

)

×
( v±
0 . 1 c 

)−1 
erg . 

(A11) 

In the slow-cooling regime, the synchrotron power radiated
rom this interval is 
d Lsyn 
d ln r 

	 1 
tsyn (r) 

d E±
d ln r 

. (A12) 

 convenient estimate of the spectral luminosity near the char-
cteristic frequency emitted at radius r is then 

ν (r) ∼ 1 
νsyn (r) 

d Lsyn 
d ln r 

∼ 1 
tsyn (r) νsyn (r) 

d E±
d ln r 

. (A13) 

ubstituting the expressions above and evaluating at the radius
ontributing to GHz emission (i.e. r ∼ 1016 cm for fiducial param-
ters) yields 

Lν 	 4 . 7 × 1019 
(

L±
1035 . 5 erg s−1 

)(
B∗
1 G 

)(
R∗
1 au 

)

×
(γ±, 0 

104 
)−1 ( r0 

1016 cm 

) ( v±
0 . 1 c 

)−1 
erg s−1 Hz−1 . 

(A14) 

The corresponding flux density is 

Fν 	 0 . 88
(

L±
1035 . 5 erg s−1 

)(
B∗
1 G 

)(
R∗
1 au 

)

×
(γ±, 0 

104 
)−1 ( r0 

1016 cm 

) ( v±
0 . 1 c 

)−1 

×
(

d 
6 . 8 kpc 

)−2 
mJy . 

(A15) 
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For ξ± ∼ 1 and L± ∼ Lγ ∼ 10 erg s , equation ( A15 ) gives 
 fiducial flux density of order Fν ∼ 1mJy , below the ∼ 3 –5mJy 
iffuse component inferred from the EVN + e-MERLIN image of 
3890 Sgr by a factor of a few. However, given the simplicity of the
nalytic estimate and the linear dependence of Fν on uncertain 
uantities such as B∗R∗, r0 , and v−1 ± , this level of agreement is
ncouraging but should not be regarded as a detailed fit. For plau-
ible parameters near the optimistic end of the allowed range, e.g. 
∗R∗ 	 3G · au , γ±, 0 ∼ few × 103 , r0 	 1016 cm , and v± 	 0 . 1 c ,
quation ( A15 ) gives Fν in the range of the observed diffuse flux,
iven plausible parameters. 
Finally, because νsyn ∝ r−3 under the scalings adopted above, a 
road range of radii contributes across a decade in observing fre-
uency. This naturally produces a shallow, approximately power- 
aw radio spectrum and a low-surface-brightness halo whose 
haracteristic extent is set by particle transport. 
Although non-thermal particles are produced throughout the 
ruption, the contribution of a given population to the observed 
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Hz radio halo depends sensitively on the radius r0 at which 
he particles escape the dense shock region. For particles in- 
ected at early times ( r0 
 1015 cm), adiabatic losses reduce their 
orentz factors as γ±(r) ∝ r0 /r, so that by the time they reach
adii ∼ 1016 cm their characteristic synchrotron frequencies lie 
ell below the GHz band. In contrast, particles injected at later
imes, when the shock forms at r0 ∼ 1015 cm, experience only 
odest adiabatic degradation and retain sufficient energy to emit 
fficiently at radio frequencies. 
This effect is explicitly reflected in the scalings derived be- 

ow: while the characteristic synchrotron frequency depends on 
oth r0 and r (equation A8 ), the normalization of the radio lumi-
osity or flux scales linearly with r0 (equation A15 ). As a result,
ate-time injection at larger radii naturally dominates the observ- 
ble synchrotron halo, even if earlier shocks were more luminous 
n γ -rays. 
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