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A B S T R A C T 

LAMOST J024048.51 + 195226.9 (J0240 + 1952) was recently identified as the second AE Aquarii (AE Aqr)-type cataclysmic 
variable, possessing the fastest known rotating white dwarf. We performed a Very Long Baseline Interferometry (VLBI) 
observation of J0240 + 1952 utilizing the European VLBI Network at 1.7 GHz, to obtain the first view of the radio morphology 

on mas scale. Our high-resolution VLBI image clearly shows that the radio emission is compact on mas scale ( � 2 AU), with 

no evidence for a radio jet or extended emission. The compact radio source has an average flux density of ∼0.37 mJy, and its 
brightness temperature is given at � 2.3 × 10 

7 K, confirming a non-thermal origin. The emission e xhibits irre gular variations 
on a time-scale of tens of minutes, similar to the radio flares seen in AE Aqr. The measured VLBI position of J0240 + 1952 is 
consistent with that derived from Gaia . Our results fa v our the model in which the radio emission is attributed to a superposition 

of synchrotron radiation from expanding magnetized blobs of this system. 

Key words: techniques: high angular resolution – stars: magnetic field – white dwarfs – radio continuum: stars. 
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 I N T RO D U C T I O N  

ntermediate polars (e.g. Patterson 1994 ) are a subtype of cataclysmic
ariable (CV) possessing a white dwarf (WD) with moderate mag-
etic field strength (10 5 G � B � 10 7 G). They are semi-detached
inaries in which the WD accretes material from its companion (a
ower mass main-sequence star) via Roche lobe o v erflow (Warner
995 ). With the influence of magnetic field, a truncated accretion
isc is formed or even a discless accretion (Buckley et al. 1995 )
ccurs in these systems. If the moderately strong magnetized WD has
 sufficiently fast spin rate, its rapidly rotating magnetosphere may
revent accretion on itself, and the donated material is ejected from
his system via a ‘magnetic propeller’ mode (Wynn & King 1995 ;
racleous & Horne 1996 ; Wynn, King & Horne 1997 ). Ho we ver,

ew magnetic propeller is found in WD systems. 
For decades, AE Aquarii (AE Aqr) has been the only confirmed
agnetic propeller in CVs (Eracleous & Horne 1996 ; Wynn, King &
orne 1997 ), consisting of a fast rotating WD with a spin period of
33 s (Patterson 1979 ). It is a persistent radio source (Bookbinder &
amb 1987 ), amongst the most radio luminous CVs (Pretorius et al.
021 ). Radio flares were found on time-scales of minutes (Bastian,
ulk & Chanmugam 1988 ). 
 E-mail: cuilang@xao.ac.cn 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Recently, LAMOST J024048.51 + 195226.9 (J0240 + 1952) was
roposed to be the possible second magnetic CV in a propeller
tate based on its optical spectra (Thorstensen 2020 ). The proposal
as confirmed by the disco v ery of high-v elocity ( ∼3000 km s −1 )

mission line flares of this system (Garnavich et al. 2021 ). A spin
eriod of 24.93 s was derived for its WD through optical photometry
Pelisoli et al. 2022 ), implying that J0240 + 1952 has the fastest
otating WD known to date. A MeerKAT L -band observation detected
 bright point-like source on arcsec scale, with a specific radio
uminosity of 2.7 × 10 17 erg s −1 Hz −1 , higher even than AE Aqr
Pretorius et al. 2021 ). It was also detected in Karl G. Jansky
ery Large Array observations at 2–26 GHz, showing a persistent

adio source varied on a time-scale of a few minutes (Barrett
022 ). 
The radio luminous property of these magnetic propellers provides

 good opportunity to study them in the radio band. And their
adio radiation is typically regarded as non-thermal radiation that
rises from synchrotron processes (Bastian, Dulk & Chanmugam
988 ; Meintjes & Venter 2003 ). Ho we ver, there are still a variety
f debates about the radio emission. de Jager ( 1994 ) suggested a
ossible extended radio emission might occur as a relativistic wind is
xpelled from the polar caps of the magnetic WD. For some accreting

D systems, the detected radio emission has been considered as
ndirect evidence for a radio jet (Russell et al. 2016 ). For AE Aqr,
ery Long Baseline Interferometry (VLBI) observations found that
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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ts radio emission was resolved on a size of orbital radii at times
de Jager 1994 ; and references therein), but this has never been
onfirmed by follow-up studies. Radio emission may have its origin 
rom within the magnetosphere near the WD or the secondary star,
ith a persistent interaction of the WD’s magnetosphere with the 

econdary star (Bastian, Dulk & Chanmugam 1988 ; Kuijpers et al. 
997 ; Meintjes & Venter 2003 ; Meintjes et al. 2023 ). 
In this letter, we report the first VLBI detection of J0240 + 1952

ith the European VLBI Network (EVN) which allowed us to 
nvestigate the morphology and variability of radio emission from 

his system on mas scale. The observation and data reduction are 
etailed in Section 2 . The results are presented and discussed in
ection 3 . Finally, we summarize this study in Section 4 . 

 OBSERVATION  A N D  DATA  R E D U C T I O N  

 ∼3 h EVN observation of J0240 + 1952 was conducted at
.658 GHz under programme EJ024 on 2021 December 7. Table 1 
ists the participating stations and related information. The data were 
ecorded at the rate of 1024 Mbps (4 × 32 MHz subbands, full
olarization, two-bit sampling) and correlated in real time (e-VLBI 
ode; Szomoru 2008 ) by the SFXC software correlator (Keimpema 

t al. 2015 ) at the Joint Institute for VLBI in Europe. Phase-
eferencing technique (Beasley & Conway 1995 ) was adopted in 
he observation. J0108 + 0135 was used as the fringe finder, and
0240 + 1848 (located 1.1 ◦ away from J0240 + 1952, and with a
ux density of ∼0.3 Jy) was selected from Astro g eo Centre 1 as

he phase-referencing calibrator. The cycle time is about 3.5 min, 
xpanding 2.5 min for J0240 + 1952 and 1 min for J0240 + 1848.
able 2 provides the correlated phase centres for J0240 + 1952 and

ts phase-referencing calibrator. 
We performed the data reduction by using the Astronomical 

mage Processing System ( AIPS , Greisen 2003 ) and the DIFMAP

oftware (Shepherd, Pearson & Taylor 1994 ). The data severely 
orrupted by bad weather, instrumental failure, and radio frequency 
nterference were initially flagged. We corrected the ionospheric 
elay (using Jet Propulsion Laboratory Global Ionospheric Maps) 
nd calibrated the parallactic angle. The visibility amplitude was 
orrected through antenna gains and system temperatures. Manual 
nstrumental phase and bandpass calibrations were carried out with 
oth J0108 + 0135 and J0240 + 1848. We ran a global fringe fitting on
0240 + 1848 and applied the derived solutions to itself and the target
0240 + 1952. The calibrated visibility data of J0240 + 1848 were
xported and performed imaging and self-calibrations in DIFMAP . 
he obtained image of J0240 + 1848 was then loaded back to AIPS .
e re-ran the global fringe fitting by using the image of J0240 + 1848

s an input model, correcting the calibrator-structure phase error. 
he amplitude and phase self-calibrations were also performed 
ith the image of J0240 + 1848, and the derived solutions were

ransferred to J0240 + 1952. Finally, the calibrated visibility data 
f J0240 + 1952 were exported and imaged with no self-calibration 
n DIFMAP . 

 RESULTS  A N D  DISCUSSION  

.1 Radio emission on mas scale 

he naturally weighed EVN image of J0240 + 1952 is presented in
ig. 1 . J0240 + 1952 is clearly detected as a compact radio source
 http:// astrogeo.org/ calib/ search.html 

m
G  

+  
n mas scale, with a signal-to-noise ratio (SNR) of ∼11. It shows a
oint-like structure with a peak flux density, measured in the image
lane, of 0.37 ± 0.04 mJy beam 

−1 . No extended emission is detected
bo v e the 3 σ noise level of 0.1 mJy beam 

−1 . Fitting with a circular
aussian model to the visibility data gives a source with a total
ux density of ∼0.37 mJy and a size of ∼1.0 mas. A specific radio

uminosity of 1.7 ± 0.2 × 10 17 erg s −1 Hz −1 is derived at the Gaia
R3 (Gaia Collaboration 2023 ) distance of 618 ± 27 pc, confirming

hat J0240 + 1952 is amongst the most radio luminous CVs reported
y Pretorius et al. ( 2021 ). 
We compared the fitted size to the theoretical minimum resolvable 

ize. The estimated minimum resolvable size θ lim 

in a naturally 
eighted VLBI image is provided by Lobanov ( 2005 ): 

lim 

= 

[
4 ln 2 

π
θmaj θmin ln 

SNR 

SNR − 1 

]1 / 2 

, (1) 

here θmaj and θmin are the major and minor axes of the synthesized
eam, respectiv ely. F or our observation, the fitted size of ∼1.0 mas
s smaller than the estimated minimum resolvable size of 3.2 mas.
hus the radio emission from J0240 + 1952 is unresolved in this
bservation. The estimated minimum resolvable size of 3.2 mas is 
aken as the upper limit of the source size, and the corresponding
adio-emitting region is � 2 AU. We conclude that no evidence is
ound for a radio jet or extended emission on mas scale. 

We calculated the brightness temperature ( T B ) of J0240 + 1952 as
ollows (e.g. Bastian, Dulk & Chanmugam 1988 ): 

 B = 9 . 86 × 10 2 
S −3 D 

2 

r 2 13 ν
2 
9 

, (2) 

here S −3 is the radio flux density in mJy, D is the distance in units of
c, r 13 is the radius of the emitting region in units of 10 13 cm and ν9 

s the observing frequency in units of GHz. We derived a brightness
emperature of T B � 2.3 × 10 7 K, implying a non-thermal origin
f the detected radio emission. This supports the idea that the radio
mission is non-thermal radiation generated through a synchrotron 
rocess (e.g. Bastian, Dulk & Chanmugam 1988 ; Kuijpers et al.
997 ; Meintjes & Venter 2003 ). 

.2 Astrometry 

he radio emission of J0240 + 1952 is detected at the position
J2000 = 02 h 40 m 48 . s 529316 ± 1 . 5 mas, δJ2000 = + 19 ◦52 ′ 26 . ′′ 919
5 ± 1.1 mas. The coordinate is extracted from the image plane
n Fig. 1 . The formal position uncertainty is the combination
f the statistical error measured in the image ( σα = 1.1 mas,
δ = 0.3 mas), the position uncertainty of the phase-referencing 
alibrator J0240 + 1848 ( σα = 0.13 mas, σ δ = 0.14 mas; Beasley
t al. 2002 ), the astrometric uncertainty of phase-referencing 
xperiment arising from the station coordinate, Earth orientation 
nd troposphere errors ( σα = 0.004 mas, σ δ = 0.006 mas; Pradel,
harlot & Lestrade 2006 ) and the astrometric error due to

he residual unmodelled ionosphere ( ∼1 mas; Rioja & Dodson 
020 ). 
A full five-parameter astrometric solution of J0240 + 1952 

eported in Gaia DR3 (Gaia Collaboration 2023 ) is 
J2016 = 02 h 40 m 48 . s 5310777 ± 0 . 066 mas, δJ2016 = + 19 ◦52 ′ 26 . ′′ 95
763 ± 0.057 mas, π = 1.618 ± 0.071 mas, μα = 

4.060 ± 0.097 mas yr −1 , and μδ = −5.969 ± 0.081 mas yr −1 .
e calculate the Gaia position to our observing epoch so as to
ake a direct comparison with the EVN position. The derived 
aia position is at α = 02 h 40 m 48 . s 529310 ± 0 . 58 mas, δ =
 19 ◦52 ′ 26 . ′′ 92317 ± 0.48 mas. We determined that the difference
MNRASL 528, L112–L116 (2024) 
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Table 1. Summary of the EVN observation of J0240 + 1952. 

Project code Date Frequency (GHz) Participating Stations a Duration (h) 

EJ024 2021 Dec 07 1.658 Ef, Jb, Mc, Tr, Ir, Nt, Hh, Wb, O8 3 

a Ef : Effelsberg (100 m), Jb : Jodrell Bank MKII (38 × 25 m), Mc : Medicina (32 m), Tr : Torun (32 m), Ir : Irbene (32 m), Nt : 
Noto (32 m), Hh : Hartebeesthoek (26 m), Wb : Westerbork (25 m), O8 : Onsala-85 (25 m). 

Table 2. Source correlation phase centres. θd provides the angular distance 
from J0240 + 1952. 

Source α(J2000) δ(J2000) θd 

J0240 + 1952 a 02 h 40 m 48 . s 529371 + 19 ◦52 ′ 26 . ′′ 92337 –
J0240 + 1848 b 02 h 40 m 42 . s 816306 + 18 ◦48 ′ 00 . ′′ 05508 1.1 ◦

a The position was derived from Gaia Collaboration ( 2021 ). 
b The position was taken from http:// astrogeo.org/ sol/ rfc/ rfc 2021c/ . 

East offset (mas)

)sa
m( tesffo htro

N

0 05-05
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0
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Figure 1. Naturally weighted CLEAN map of J0240 + 1952 obtained with 
the EVN observation on 2021 December 7 at 1.658 GHz. The contours start 
from 3 σ noise level of 0.1 mJy beam 

−1 and increase by a factor of 2 1/2 . The 
synthesized beam, represented by a white ellipse in the lower left corner, is 
25.6 × 4.8 mas 2 , PA = 87.5 ◦. 
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Figure 2. Radio light curve of J0240 + 1952 extracted from the EVN data 
at 1.7 GHz and the MeerKAT data at 1.3 GHz reported by Pretorius et al. 
( 2021 ). The integral time of each flux measurement is 10 min for EVN data 
and 15 min for MeerKAT data, respectively. 
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etween the EVN position and Gaia position is 	α = 0.1 ± 1.6 mas,
δ = −3.5 ± 1.2 mas. The difference in right ascension is smaller

han 1 σ uncertainty while the difference in declination is within
 σ uncertainty. We suspect that the difference in declination mainly
rises from uncorrected ionospheric effects. As a consequence, the
adio and optical positions of J0240 + 1952 are consistent with each
ther. 

.3 Variability 

he radio light curve of J0240 + 1952 derived from EVN data is
lotted in Fig. 2 . Each flux measurement has an integral time
f 10 min. The orbital phase is derived by using the ephemeris
f Garnavich et al. ( 2021 ), with the observing time converted to
arycentric Julian Date in Barycentric Dynamical Time standard 2 

Eastman, Siverd & Gaudi 2010 ). Our EVN observation spans orbital
hases 0.33–0.71. A loss of sensitivity occurs in the second half of
bservation due to the absence of some stations (e.g. Ef ). 
NRASL 528, L112–L116 (2024) 

 http:// astroutils.astronomy.osu.edu/ time/ utc2bjd.html 

n
 

s  
The radio flux of J0240 + 1952 varies on a time-scale of tens of
inutes (see Fig. 2 ). We notice that its flux density increases signif-

cantly at the phase of ∼0.6. It seems to enter a relatively brighter
tage since that, with an av erage lev el of ∼0.8 mJy accompanied
y obvious fluctuations. Previous MeerKAT L -band observation
Pretorius et al. 2021 ) also found a radio variability on a time-
cale of tens of minutes for J0240 + 1952. Pretorius et al. ( 2021 )
roposed that the radio variability could be understood as the end
f a radio flare that evolved from optically thick to optically thin
ith an assumption of synchrotron radiation origin. Based on the

ame assumption, the rise with rapid fluctuations in intensity in
ur observation can be explained as a superposition of random
are events caused by synchrotron radiation (Bastian, Dulk &
hanmugam 1988 ). The radio luminous emission and associated
ares observed in J0240 + 1952 are similar to that found in AE Aqr,
hich seems to suggest that these two sources possess comparable
agnetic field strengths, probably of ∼10 6 G (Lyutikov et al. 2020 ).
esides that, the o v erlapping flare ev ents were also seen in optical
hotometry, He I emission, and Balmer emission of J0240 + 1952
Garnavich et al. 2021 ). 

The radio flux of J0240 + 1952 varies randomly at orbital phase in
ur observation as shown in Fig. 2 . The MeerKAT observation co v ers
rbital phases 0.25–0.44 (Pretorius et al. 2021 ) and has o v erlapping
hases 0.33–0.44 with our EVN observation. There is no correlation
f variability between the two observations during the o v erlapping
hases. The flux density decreases in the MeerKAT observation but
aries randomly in the EVN observation. We conclude that we see
o evidence for orbital modulated radio flux, and it supports the idea
hat the radio emission should not be confined to the magnetosphere
ear the WD (Barrett 2022 ). 

Based on the abo v e discussion, our results fa v our the model
uggested by Meintjes & Venter ( 2003 ): the radio flare emission is

http://astrogeo.org/sol/rfc/rfc_2021c/
http://astroutils.astronomy.osu.edu/time/utc2bjd.html
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on-thermal synchrotron radiation generated in a highly magnetized 
lob-like propeller-ejected outflow of the system. The magnetized 
lobs originate from the magnetosphere near the secondary star 
nd undergo magnetic interactions with the WD’s magnetic field. 
he magnetized blobs expand and can reach a size of orbital radii.
he radio flares come from these expanding magnetized blobs. 
he variability of the observed radio emission can be explained 
s a superposition of random flare events from these discrete 
lobs. 
We note that the present radio observations for J0240 + 1952 only

o v er a very limited phase range. More observations co v ering a full
eriod or even several periods should be conducted to reveal whether 
uch variabilities repeat periodically or not, which will be helpful in 
inning down the nature of J0240 + 1952. Moreo v er, the radio-pulsed
ature of AE Aqr was very recently unveiled by Meintjes et al.
 2023 ). An underlying pulsed synchrotron emission was detected 
t the spin period of the WD, apart from the random flare events.
f the radio-pulsed emission is a universal feature for magnetic 
ropeller CVs, it could be applicable to J0240 + 1952. Ho we ver,
0240 + 1952 is situated at a considerable distance (618 pc) and
ence has a low flux. Detecting a 24.93 s periodicity in J0240 + 1952
s hindered by its low-flux level and the requirement for short
ntegration times. This adds a layer of complexity to our under- 
tanding of its radio emission, necessitating future investigations 
ith more sensitive equipment to confirm the potential radio-pulsed 

mission. 

 SU M M A RY  

e report the first VLBI detection of the AE Aqr-type CV
0240 + 1952 using the EVN at 1.658 GHz. Its radio emission
s clearly detected at an average level of ∼0.37 mJy, with an
NR of ∼11. High-resolution VLBI image shows that the radio 
ource is unresolved on mas scale, and the corresponding emis- 
ion region is � 2 AU. There is no evidence that a radio jet or
 xtended emission e xists on mas scale. The brightness temperature 
s � 2.3 × 10 7 K, confirming a non-thermal origin of the radio
mission. We show that J0240 + 1952 has irregular variations on 
 time-scale of tens of minutes, similar to the radio flares seen
n AE Aqr. The measured radio position of J0240 + 1952 agrees
ith the optical position derived from Gaia . Our results suggest

hat the radio emission can be explained by a superposition of
ynchrotron radiation arising from expanding magnetized blobs of 
his system. 

We propose that J0240 + 1952 has a possible underlying radio- 
ulsed emission, apart from the random radio flares. High-cadence 
nd high-sensitivity monitoring of J0240 + 1952 is encouraged to 
erify the existence of these potential radio pulses. 
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