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Stellar bow shocks are formed when an outflow interacts
with the interstellar medium. In white dwarfs accreting
from a binary companion, outflows are associated with ei-
ther strong winds from the donor star, the accretion disk,
or a thermonuclear runaway explosion on the white dwarf
surface. To date, only six accreting white dwarfs are known
to harbour disk-wind driven bow shocks that are not associ-
ated to thermonuclear explosions. Here, we report the dis-
covery of a bow shock associated with a high-proper-motion
disk-less accreting white dwarf, 1RXS J052832.5+283824.
We show that the white dwarf has a strong magnetic field
in the range B~42-45 MG, making RXJ0528+2838 the a
bonafide known polar-type cataclysmic variable harbour-
ing a bow shock. The resolved bow shock is shown to be
inconsistent with a past thermonuclear explosion, or being
inflated by a donor wind, ruling out all accepted scenarios
for inflating a bow shock around this system. Modelling of
the energetics reveals that the observed bow shock requires
a persistent power source with a luminosity significantly ex-
ceeding the system accretion energy output. This implies the
presence of a powerful, previously unrecognized energy loss
mechanism — potentially tied to magnetic activity — that
may operate over sufficiently long timescales to influence the
course of binary evolution.

1RXS J052832.5+283824 (hereafter RXJ0528+2838) is a
short-period polar-type Cataclysmic Variable (CV) with an or-
bital period of 80 minutes, which puts it at the theoretical orbital
period minimum for such systems'. The Gaia parallax mea-

surement indicates a system distance of 224.2 + 4.1 pc2. Spec-
tropolarimetric data and emission-line diagnostics confirm its
polar classification®®, We confirm® the magnetic field strength
in the range B =~ 42—45 MG (see Methods) from the cyclotron
harmonic structures in the Multi Unit Spectroscopic Explorer
(MUSE) spectrum (see Methods), consistent with a strongly
magnetized accreting white dwarf.

Recent XMM-Newton observations also  confirm?
RXJ0528+2838 to display all the classic properties of po-
lars (see Methods). We identify a previously unknown nebular
structure surrounding this magnetized accreting white dwarf
using Ho imaging data from the INT Galactic Plane Survey
(IGAPS)>, The nebula exhibits a distinct bow shock morphol-
ogy with a faint trailing structure. Follow-up observations with
MUSE (see Methods) confirm the presence of this bow shock,
revealing a complex and stratified emission-line structure.

The morphology of the bow shock aligns with the proper
motion of RXJ0528+2838 (Fig. [I] and Fig. [2), establishing a
direct physical association between the object and the nebula.
The shape of the bow shock varies greatly between the observed
emission lines, implying a strong stratification of the nebula. In
particular, the size of the bow shock differs depending on the
observed emission line. Specifically, the apex of the shock lies
at approximately 16.7 arcsec (3800 AU, projected) from the CV
in the hydrogen lines of the Balmer series transitions, 10.5 arc-
sec (2400 AU, projected) in [N II], and 6.25 arcsec (1400 AU,
projected) in [O III]. In contrast, [S II] emission lacks a clear
bow shock geometry, with diffuse emission filling the space be-



tween the star and the Ha apex (see Methods). Despite the sys-
tem’s proper motion being nearly exactly South East, the emis-
sion across all lines is systematically brighter to the South West,
suggesting anisotropic outflow forming the bow shock. In par-
ticular, [O III] appears to trace a directed, non-spherical outflow
originating from the CV.

The presence of a bow shock nebula around RXJ0528+2838
is unexpected. Among the population of accreting white dwarfs,
approximately 36% host strongly magnetized white dwarfs®2,
yet extended nebular structures associated with polars remain
virtually non-existent, with the exception of a nova shell related
to a past thermonuclear explosion around the asynchronous po-
lar V1500 Cyg!Y. All other bow shocks know to date associ-
ated to accreting white dwarf systems are thought to be pow-
ered by disk winds (e.gHI%)  while those around accreting
neutron stars are thought to be powered by pulsar wind nebu-
lae (e.g/®2%). The lack of an accretion disk in RXJ0528+2838
rules out disk winds as the power source inflating the bow shock,
while the white dwarf compact accretor and associated mag-
netic field strength rules out a pulsar wind as the energy source,
leaving the observed bow shock around RXJ0528+2838 unex-
plained.

The RXJ0528+2838 nebula morphology and kinematics dis-
tinguish it from classical nova remnants. A nova, at the source
distance of 224 pc would have reached ~3.5 mag at maximum,
making it visible to the naked eye and likely to be discovered,
unless it occurred during a time of year when it was positioned
too close to the Sun in the sky. Nonetheless, nova shells expand
independently of their progenitor systems and generally retain
spherical or elliptical symmetry, even when strong interaction
with the interstellar matter is present?/"23, although this is not al-
ways the case?®. In contrast, the nebula around RXJ0528+2838
is sharply asymmetric, shaped into a bow shock aligned with
the CV proper motion, and exhibits a smooth [N II] 6548A
emission tail trailing behind the system. This tail implies a con-
tinuous or quasi-continuous outflow over the past ~1000 years
or more (see Methods), inconsistent with the episodic ejection
of material expected from classical nova eruptions. Moreover,
nova shells are known to show a radial velocity structure indi-
cating quasi-spherical expansion®¥232% while in MUSE data of
RXJ0528+2838 the radial velocities remain constant across the
nebula (see Methods). The bow shock is thus a long-lived, pos-
sibly quasi-steady, structure produced by ongoing energy injec-
tion (potentially via mass loss) from RXJ0528+2838 - implying
an as-yet uncharacterised, non-episodic mode of outflow in syn-
chronized magnetic CVs.

The energy required to sustain the bow shock, L;, can
be estimated using the analytical equation developed for
wind—interstellar medium interactions 27

Lb = 14857T(R}, SeC@)Qp]SMUISZM, (1)
where R;, is the size of the bow shock projected onto the
plane of the sky, © is the inclination of the bow shock rela-
tive to the plane of sky, prsas is the density of the interstellar
medium, and vygys is the velocity of the star relative to the
interstellar medium. We adopt a projected size of 16.7 arc-
sec and a RXJ0528+2838 distance of 224 pc?, yielding R, =

0.018 pc. Using the proper motion, radial velocity, and distance
of RXJ0528+2838 (see Methods), we derive an inclination of
O = 64° and v;gp; = 142 km s—!. We estimated the electron
density of the interstellar medium at the position and distance
of RXJ0528+2838 as n. jsy = 0.017327 cm 3 using a model
for the distribution of free electrons in the Galaxy?®. This elec-
tron density is consistent with a warm-neutral medium, which
has an ionization fraction of ~ 8%2*3Y, Combining the ion-
ization fraction with the electron density, we estimate the mass
density of the interstellar medium around RXJ0528+2838 as
prsy = 3.6 x 1072° g cm™3. This yields a required power
input of L;, ~ 8.2 x 1032 erg s 1.

Bow shocks not related to nova outbursts have been iden-
tified in only six CVsIIIMIOISEY - These structures are gener-
ally attributed to either accretion disk winds or enhanced stellar
winds from the donor starl®Z However, since RXJ0528+2838
is a polar it lacks an accretion disk®Z, ruling out disk winds as a
viable origin for the observed mass loss and energy injection. If
the bow shock were to be powered by an outflow — such as a
wind from the donor star - it would supply a kinetic power:

Lo = N2, @
2
where M, is the mass-loss rate through the outflow and v,, is the
outflow velocity. For a typical red-dwarf wind mass-loss rate of
~ 1071 Mgyr~1, the required wind velocity would be of the
order of 10° km s~ 1, also excluding the mass donor wind in
RXJ0528+2838 as the origin of the bow shock.

Another possible energy source that could power the bow
shock might be electromagnetic radiation provided by the WD
spin-down. Currently the WD spin is locked with the orbit (see
Methods) and we can recover an upper limit on its spin-down.
Assuming a white dwarf mass Mwp = 0.8 Mx*? and radius
Rwp = 0.01 Ry, and assuming synchronization Pspin = Py,
while adopting an upper limit on the spin period change of
Pspin < 2 x 1072 s s~ (see Methods), we constrain the spin-
down luminosity to Lgpin < 2 X 1032 erg s~1. This assumes an
unrealistic 100% efficiency and is yet a factor of at least 4 be-
low the energy required to sustain the observed bow shock. As
RXJ0528+2838 appears to be fully synchronized we can con-
sider the energy stored in the binary instead. For an assumed
donor mass of Myonor = 0.1 Mg, the required Porb would have
to be 4 x 1072 s s~1. Although this is well below our de-
tection threshold, we note this is about one order of magnitude
larger than that predicted from gravitational wave radiation, and
that there is currently no known theoretical framework for how
binary inspiral energy loss could be transferred to power the ob-
served bow shock.

Considering the total magnetic energy of the WD of Up,e =~
1.6 x 10*! erg and assuming an unreasonably fast decay (for a
WD) of 1 Gyr, the output cannot provide a power larger than
~ 3.4 x 10** ergs~!, still insufficient, also implying that the
luminosity cannot be powered by magnetic energy alone. We
also considered the possibility of the system containing a pulsar,
which could power such a bow shock via the interaction of its
relativistic wind with the ISM. We performed MeerKAT obser-
vations of the field to detect a possible radio pulsar hosted in a
triple system. The derived upper limits of 38..Jy at the distance
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Figure 1: False-colour image of RXJ0528+2838 and its surrounding nebula. The red, green, and blue channels correspond to
the Ho, [N I1]6548A, and [O II1] 5007A lines, respectively, extracted using a top-hat filter from the MUSE datacube. The gray
arrow indicates the proper motion of RXJ0528+2838". North is up, East is left.



Figure 2: MUSE observation of RXJ0528+2838 and its extended emission. Top left: white light image of the eld with the
CV marked with green lines and the direction of its proper motion with a blue arrow. Intensities of measured emission lines are
displayed in the other panels. All colour scales are normalised to the maximum H intensity in the MUSE datacube after being

multiplied by a factor of 100 for display purposes.



of RXJ0528+2838 yields a radio power of 2:9 ?6ergs’ losses that remain to be fully explained. These include, for
(see Methods), excluding any radio pulsar at the source distaexample, the prototypical polar AM Her with a reported ra-
unless the radio emission is anisotropic and pointed elsewhditeluminosity of 1:8 102° ergs*®” , the non-accreting white
relative to our line of sight. A powerful pulsar in the line-ofdwarf pulsar analogue AR Sco with a radio luminosity of
sight at a much further distance can be excluded by the stronfj0 27 ergs'3® , as well as the non-accreting and synchro-
correlation of the bow shock with the CV proper motion. nized long period radio transient WD-M dwarf binary ILT
Regardless of the driving mechanism the formation and al-10160.52+552119.62 which yields a radio luminosity of up
going presence of the bow shock requires a persistent endegy 10 28 ergst3° . It has been proposed that long period ra-
source with an average luminosity o§L8:2 10 32 ergs' . dio transients may be an evolutionary phase linking WD pulsars
A CV with an orbital period similar to that of RXJ0528+2838ke AR Sco to the more common pol4?s, although this link
is expected to exhibit a mass-transfer rate of 5 40 M is being debated. While the mechanism responsible for the
yr134 | corresponding to an accretion luminosity ofck = radio emission of these systems remains unknown, and while
2:4 103 erg st . The energy required to energize the boRXJ0528+2838 does not show the same radio luminosity level
shock thus also exceeds the system accretion luminosity bgsasome other systems, they all share energy losses from the
factor of 3. Combined with the inferred minimum age of thebinary that remain to be explained, and these losses are sub-
bow shock (> 1000 years, see Methods), this energy excesssitantial enough to alter binary evolution channels. Although all
dicates a long-lived, energetically signi cant, out ow that canthese systems have reportedly low radio luminosities, it is im-
not be explained by standard mass-transfer or mass-out partant to note that, at least for AR Sco, the bulk radiation is
models. observed at infrared and radio wavelengths, yielding integrated
Given that all established bow shock formation scenarilsninosities of up to 6:3 12 ergs'® . It is also important
fail to explain the observations of RXJ0528+2838, we can oritynote that while the energy supply for the radiation in AR Sco
speculate on a novel energy injection mechanism into the I$tonsistent with spin-down energy of the WD, the mechanism
from this system. Rather than tapping into gravitational potemdiating this broad component (and radio emission in particu-
tial energy we can consider the power source responsible l&) is still debated, with both synchrotron radiation as well as
in ating the bow shock to be tapping into the strong magnet&ectron cyclotron maser instabiltfy*° being considered.
stored energy density of the WD and ask how long this might be If a similar process is operating during the low states
depleted at the power required to in ate the bow shock. As thé RXJ0528+2838, similarly to what has been suggested for
observed power requirement of P 5,b, 8:2 10 3?ergs' the synchronised and non-accreting ILT J110160.52+552119.62
the magnetic energyhdg 1:6 10 “'erg would be depletedsystem, it could provide enough energy to in ate the observed
within 600 years, in tension with the observed bow shock talbow shock. Under this scenario the WD in RXJ0528+2838 may
requiring a sustained energy source for at least 1000 years. Gane directly evolved from a non-accreting synchronised sys-
possible solution to this may be that the WD in RXJ0528+2888m similar to ILT J110160.52+552119.6, which in turn evolved
possessed a much higher magnetic eld of 4@ in the past. from systems akin to AR Sco where the WD surface magnetic
This larger energy reservoir of\d; 10 “3erg could then sus- eld had been greatly enhanced, possibly through crystallisa-
tain a power output comparable tgdy, for a few thousand yearstion of the WD coré®. Interestingly this scenario may also help
at the expense of decreasing the WD magnetic eld strengéxplain why the strongest magnetic elds of 2@ are only
However, aside from being entirely speculative, this scenafimind in isolated WD¥, as interacting close binaries would
implies not only that we are observing RXJ0528+2838 duringpeomptly deplete the WD magnetic energy density. Nonethe-
rare and short evolutionary phase, but that this phase has enesgsl it is clear that RXJ0528+2838 provides a rare and com-
very recently, possibly arguing against this hypothesis. Furthpelling observational window into a potentially important, yet
more, it is not obvious how the WD magnetic energy woulaverlooked, energy-loss channel in compact and strongly mag-
be extracted in this scenario. One possibility could be quasétized interacting binaries.
continuous recon guration of the magnetic eld, including the
possibility of the WD multipole recon guratiofi. Alternatively
the WD in RXJ0528+2838 may have been asynchronously METHODS
tating with respect to the orbit in the not so distant past, ex-
tracting magnetic energy from the WD through binary interagx
tion torques. If this were the case, RXJ0528+2838 would hi%é‘]0528+2838 photometry
synchronised very recently and would be a direct progenitorWe investigated the orbital variability of RXJ0528+2838 using
so-called asynchronous polars, of which less than 10 have beata from the Transiting Exoplanet Survey Satellite (TESS)
discovered to date. Extended emission has been searched foowring sectors 43, 44, 45, and 71. Combining all sectors
optical wavelengths in six con rmed asynchronous polars withve recover an orbital period of 80.05169(2) min with no sig-
out any detection to dat® This is also an argument againsti cant changes in the orbital period when comparing individ-
this speculative hypothesis, although we note that all knowal sectors. In particular, comparing the periods and associ-
asynchronous polars are at substantially larger distances thi@al errors measured in sectors 43 antP,7deparated by 761
RXJ0528+2838. days, yields an upper limit on the orbital period derivative of
From an observational point of view we can comment %<2 10 ° sst .
other somewhat similar systems that seemingly exhibit energy The orbital variability of RXJ0528+2838 exhibits a shape



typical of a polat® (Supplementary Data Fig. 1). During secgram ID 112.25L.Q.001. The observations were reduced using
tors 43, 44, and 45, we observed a dip prior to maximum ligthe MUSE Instrument Pipelif and standard MUSE proce-
consistent with a partial eclipse by the accretion stf€aifhis dures. Each science exposure was accompanied by an offset
eclipse was absent during TESS sector 71, indicating a chaslgeexposure taken in an empty region near RXJ0528+2838 and
in the accretion geometry. This change was likely caused byeduced in the same way. For every science frame, the MUSE
decrease in the mass transfer rate, as suggested by the decpgaslne constructed a sky model from the corresponding offset
in system brightness between TESS sectors 45 and 71 (Sugggesure and applied it for sky subtraction. We did not apply
mentary Data Fig. 2). any PCA-based sky-residual cleaning (e.g. ZAP) or empirical

In asynchronous polars, the mismatch between the whig elding tools (e.g. CubeFix) in order to avoid the risk of
dwarf spin period and the binary orbital period leads to periodiuppressing extended line-dominated emission. Residuals were
variations in the accretion geometry, which typically manifesvaluated by inspecting line-free regions of the cube and mea-
as a peak in the periodogram at the beat frequénd¢yowever, suring background statistics in blank apertures.
when combining all the TESS sectors of RXJ0528+2838, no The uxes and radial velocities of emission lines were mea-
such beat frequency is detected within the accessible frequesumed tting a Gaussian function through the pyspecki®: €0
range, placing an upper limit on the system's asynchronizatipackage. We have attempted double-Gaussian ts but could
of 1 P o =Pspin < 0:02%. We note that we did not attempnot resolve two components. The emission line uxes across
to remove any long term systematic trends for the TESS datatbatnebula, normalized to the peak H ux, are presented in
simply subtracted the mean count rate from each sector beféige 2. Moreover, we extracted the spectra of RXJ0528+2838
combining all sectors. itself from each individual observation.

We investigated the long-term variability of RXJ0528+2838 To mitigate slicer/IFU systematics, we rotated the obser-
using photometric observations. We employed data fromtion by 90 between each frame. We combined all of the
the All-Sky Automated Survey for Supernovae (ASASxposures using the MUSE Instrument Pipeline. We reduced
SNY*9-50 the Asteroid Terrestrial-impact Last Alert Systerand combined the two angle sets both together and separately,
(ATLAS)®1:52 and the Wide- eld Infrared Survey Explorerand the detected bow-shock features show consistent morphol-
(WISEP35% The WISE observations were retrieved using thgy and centroid in each instrument orientation. This rules out
wise _light _curves Python module®®. The full light curve xed-pattern artifacts associated with a single orientation. We
is presented in Supplementary Data Fig. 2. performed a star detection on a white-light image to identify

RXJ0528+2838 exhibited gradual long-term variabilitgources that could in uence the detected morphology by con-
with a broad maximum around MJD'59300. This variabilitytamination. We nd that contamination from RXJ0528+2838
was most pronounced in the ¢ and the o Iters and weakeriigelf prevents the detection of [N 1], [O I11], and [S 1] emis-
V=g lters. Since the V=g band lies between the c and o ltesion lines from the bow shock, and that H emission from
in wavelength, the observed colour trends cannot be attribuRXJ0528+2838 may blend with H emission from the bow
to variable reddening and instead point to changes in the maldsck. Moreover, contamination from two stars southwest
transfer rate as the primary driver of the long-term variability.of RXJ0528+2838, 2MASS J05283208+2838304 and 2MASS

In addition to the gradual changes, RXJ0528+2838 ui5283158+2838344, prevents us from measuring the bow-
derwent two low-accretion states, a common feature amafpck H, [N 1], and [[S II] emission lines in their vicin-
polars®. While the onset of the rst low state was not observety. Similarly, a star northwest of RXJ0528+2838, WISEA
directly, it must have occurred sometime after MJD'60420J052831.69+283854.1, prevents measurement of the bow-shock
The egress began around MJD'60570 and lasted approximatély emission in its immediate surroundings. However, visual
ten days, consistent with the rapid transitions typically seenigpection of the stellar PSFs shows that these contaminating
polars. The second low state began around MJD'60682, wigpurces do not account for the extended low-surface-brightness
the transition lasting between 3 and 8 days. A gradual recovéggtures we report, and they do not signi cantly in uence our
toward the high state appeared to begin immediately, but agnsfasurements, aside from small localized artifacts visible in
the most recent observation (MJD=60788), the system had Rig 2 at the positions of these stars.
yet returned to the high state. The spectra of RXJ0528+2838 extracted from individual
MUSE exposures reveal prominent cyclotron humps, i.e. har-
monics of cyclotron frequency, originating from cyclotron ra-
diation produced in the post-shock region above the magnetic
We observed RXJ0528+2838 using the Multi Unit Spectrpelar caps of the white dwarf. The positions of these harmon-
scopic Explorer (MUSEY at the Very Large Telescope (VLT).ics depend on the local magnetic eld strentjtiBy identifying
The observations were made in the Wide Field Mode (WFMhe cyclotron humps in the specttawe estimate a surface mag-
which resulted in a 1x1 arcmin eld of view with 0.2 arcseaoetic eld strength in the range B 42 45 MG for the white
sampling. The eld of view was selected in order to cover thdwarf (Supplementary Data Fig. 3). This is consistent with the
entirety of the nebula around the observed IGAPS image. Tesimate of B 41 MG reported in the literatur®.
observations were carried out using the wavelength range 4750-The emission lines in the spectra show clear variability with
9350A with a spectral resolution of R 1800-3500. In totalthe orbital phase (Supplementary Data Fig. 4). As no donor star
we observed RXJ0528+2838 for 35850s spread over 33 franassorption features are evident, we measured radial velocities
The detailed log of observations is available online under Prsing the emission lines H , He 11 541, H , and Hel 6678A.

MUSE observations



Velocities were computed using the bisector method and avBnus, any out ow events separated by less than this timescale
aged. We then phased the barycentric velocities using the pliould be observationally indistinct, allowing for the possibility
tometric orbital period and t a sinusoidal model. From this tpf recurrent episodic activity as the driver of the bow shock.

we estimate the systemic radial velocity of RXJ0528+2838 to To constrain the physical conditions within the nebula, we

be hRVi ' 128 kms ' (Supplementary Data Fig. 5). Whileysed the ux ratio of the [S I1] doublet as a diagnostic of the

the tted semi-amplitude of the velocities is approximatelglectron density. The observed ratio appears nearly constant
350 kms ', we caution against interpreting this directly agcross the extent of the bow shock (Supplementary Data Fig. 5),

the white dwarf orbital motion, as the exact origin of the lingndicating a uniform density throughout the structure. We mea-

emitting region remains uncertain. sured a mean ratio of [S 1] 6716/6731=1.408 0.002 across
the bow shock. Assuming the nebula temperature of 10,000 K
Bow shock properties this implies the electron density in the bow shock to hemn

_ _ 42:3%2 cm® . Adopting a circular radius of 0.018 pc we deter-
The spatial extent of the bow shock in RXJ0528+2838 varigsned the mass of the bow shock to be %% 10 5 M . We
signi cantly depending on the emission line used to trace jbe That the inferred mass is sensitive to the assumed electron
(Fig. 2). To measure the distance from the central systemdg,herature and reaches its maximum value of about 45 10
the bow-shock apex, we tted a second-order Taylor expaQy for temperatures in the range 5,000-10,000 K. At higher
sion to the bow pro le around the apex, providing a simplgmneratures the mass would decrease by more than a factor of

parabolic approximation to the local bow sh&beThe uncer- fo hetween 10,000 K and 20,000 K, while at lower tempera-
tainty was estimated from the t errors. The measured distangeas the decline is even steeper.

from the central system to the bow shock apex is largestin H at To estimate the strenath of the presumed out ow responsi-
16.69 0.05 arcsec, followed by 10.50 0.08 arcsec inthe [N 1] . 9 P P

. : . le for the formation of the RXJ0528+2838 bow shock, we as-
lines, and smallest in the [O 11] lines at 6.25 0.10 arcsec. Agume that the entire mass of the nebula must have been supplied
the distance of RXJ0528+2838 (224.Z)¢his corresponds to P

b shock sizesof 0018 pc (3800 AU), 0011 pe (2400 AL 1 ook e eter o teuere @ doance e o
and 0.007 pc (1400 AU), respectively. ’ g P y

While the overall morphology of the bow shock appea?’ShOCk mass, radius, and the system proper motion, we estimate

. e . imi - e\df < 1: 7 :
roughly symmetrical across most emission lines, its surf an upper limit on the mass-loss rat 1:2 10 M /yr

brightness distribution is noticeably asymmetric, with enhanc?eﬁjIS estimate does not account for the contribution of swept-

L interstellar material and thus represent nservativ r
emission toward the South and South-West. The morpholog u@'un(:?c?neihae truaeiu?ow ?ateus epresents a conservative Uppe

the [S 1] lines, however, departs markedly from a typical bow

shock shape. This may indicate that the physical conditions re- 10_further investigate the physical conditions within the
£mission-line region, we constructed diagnostic diagrams based

quired for ef cient [S 1] emission, such as speci ¢ densities; s = LS )
temperatures, or ionization states, are only met in localized $8-Standard optical emission line rafitsWe applied a kernel

gions of the structure. However, a detailed interpretation of tgNSity estimate to the full distribution of line ratios measured
bow shock structure is limited by the absence of line ratios s@§r0oss the bow shock, revealing that the excitation conditions
sitive to electron temperature. Furthermore, the emission I§& Proadly consistent with those found in supernova remnants

widths observed in the MUSE spectra are constrained by the fgi/PPlementary Data Fig. 6). While the nebula surrounding
atively low spectral resolution. Higher-resolution spectroscofy<J0528+2838 is not itself a supernova remnant, this similar-

may reveal intrinsic variations in line widths, potentially iderly SUggests the presence of shock excitation. This nding ef-
tifying the physical origin of the emission - whether from thfectively rules out scenarios in which the observed nebulosity
shock front itself or the out ow from the CV. arises from a coincident H Il region or from a planetary nebula
The full extent of the [N 11] tail trailing RXJ0528+2838 iselected during the formation of the current white dwarf.
not captured within the MUSE eld of view (Fig. 2), but we  The different bow shock sizes observed in various emission
estimate a conservative lower limit on its projected length #f#es suggest a high strati cation of the bow shock. Since the
57 arcsec. The RXJ0528+2838 proper motion= 39:701  density across the bow shock appears to be uniform (Supple-
0:061 mas yt and = 41:6621 0:045 masyr 17 cor- mentary Data Fig. 5), the strati cation is likely due to a hetero-
rected for the local standard of rest, together with the [N 11] tlleneous temperature distribution. Moreover, the strati cation is
length, implies that the bow shock must have persisted forvégible in the radial velocities of different emission lines (Sup-
least the last 1000 years. plementary Data Fig. 7). Namely, the mean radial velocity of
The smooth morpho|ogy of the bow shock supports tlae H "ne, 27.840.14kms 1 , is the hlghest, bEing closest to
scenario in which energy is being continuously supplied Bje RXJ0528+2838 system putative velocity of * 128 kit s
RXJ0528+2838. Alternatively, a sequence of discrete ma$§e mean radial velocities of the [S 1] and [N I1] lines were
loss episodes could reproduce a similar structure, provided tRégasured to be 12.92 0.23 km’s and 11.530.09 km s' ,
occur frequently enough to remain unresolved in the availapgspectively. Their radial velocities are closest to the expected
data. The full width at half maximum of the point spread fun¢adial velocity of the interstellar medium at the position and dis-
tion in the combined MUSE image is 4.3 arcsec. Given tk@nce of RXJ0528+2838, which is approximately +8 kifis.
proper motion of RXJ0528+2838, this angular resolution trans- This, together with the extended [N I1] emission tail, may
lates into a temporal smoothing scale of approximately 75 yeamsggest that the [S 1] and [N 1] emission originates from ma-



terial left behind the bow shock after its interaction with thest calibration les. The photon arrival times from EPIC cam-
interstellar medium. The mean radial velocity of the [O Illgras were reported to the solar system barycentre using the
emission is intermediate, at 21.12 0.85 kmts. Interestingly, JPL DE405 ephemeris and the nominal Gaia DR3 posifion
the radial velocities of the [N 1], [O I11], and [S 11] emissionof RXJ0528+2838. For the EPIC cameras, we extracted events
lines remain uniform across the bow shock, despite the larggng a 15” radius circular region centred on the source and us-
variation in their surface brightness. In contrast, the H lineng a background region of the same size located on the same
shows signi cant radial velocity variations, reaching its highe&CD chip. To improve the S/N the data were ltered by select-
values near the outer edges of the bow shock. This behaviogy pattern pixel events up to double with zero-quality ag for
is consistent with the broader range of physical conditions uhe EPIC-pn data and up to quadrupole for the EPIC-MOS data.
der which H can be emitted, compared to the more restrictivehe presence of background aring activity at the beginning of
conditions required for forbidden lines. the pointing was found using high energy (>10 keV) coverage,
A comparison of the bow-shock properties oivhich resulted in no effects on the light curve analysis. How-
RXJ0528+2838 with those of the best-studied bow shoakger, conservatively, the high background period was removed
around cataclysmic variables is presented in Suppleméoem the EPIC event les when extracting the X-ray spectra, re-
tary Data Table 1. Notably, the RXJ0528+2838 bow shosklting in a reduction of effective exposure times of 26.5 ks and
requires an energy input comparable to that of systems wh2®e7 ks for the EPIC pn and MOS cameras, respectively. We
the out ow is thought to be powered by an accretion-disk wingroduced background subtracted light curves using the EPICLC-

but its mass and size differ signi cantly. CORR task in the total 0.2-12 keV range with 10 s binning and
in three energy bands covering 0.2-2 keV, 2-4 keV and 4-12 keV
XMM-Newton and Swift observations ranges with 200 bin time.

To extract the EPIC 0.3-10keV spectra we previously |-

RXJ0528+2838 was discovered as an X-ray source by RO$éY&d the events using the task GTIGEN with good time intervals
and identi ed as 1RXSJ052832.5+283824. We requested tégtermined by selecting low background epochs. We generated
short (1.7ks and 1.0ks separated by 5hrs) pointings witkesponse matrix and ancillary les using RMFGEN and ARFGEN,
the XRT instrument on-board the Neil Gehrels Swift Satéﬁ,iterespectively_ Finally we used SPECGROUP routine to rebin the
performed on February 24, 2024 (Obsld: 000165360Ghectra with a minimum of 30 counts in each bin for tting pur-
Pl:llkiewicz) (see Supplementary Data Tab. 2). Processipgses.
of the data, light curve and spectrum extraction were per- The optical B-band data from the OM were processed using
formed through the UKSSDC on-line product gener&tofhe  the task oMFCHAIN and generating background subtracted light
X-ray source was detected with a net average count ratecg@fves with bin time of 100s. Each fast window data was in-
0.1040.07ctss® inthe 0.3-10keV range. It displayed a largepected against target centring ensuring that no drift of the tele-
variability (more than a factor of two) reminiscent of orbitadcope occurred during the observation. The light curves were
modulation of polar-type CVs, but the poor coverage coulgso corrected to the solar system baricentre with the same pro-
not allow to infer the orbital period. The Swift/’XRT speccedure as the EPIC data. WE converted the B-band count rates
trum in the 0.3-10keV range was t using Cash statistics withto Vega magnitudes following the count rate magnitude con-
an absorbed power law model TBABS*POW within the XSPEgersion reported at the XMM-Newton Science Operation Centre.
packag€® where TBABS accounts for the ISM absorption with  The 80 min orbital modulation is clearly visible in all instru-
abundances froff, giving a power law index = 1:1875F ments as well as in all the three selected bands (Supplemen-
and hydrogen column density.N= 1:147%52 10 2cm?  tary Data Fig. 8). The power spectra of the EPIC-pn and OM
(c-stat/d.0.f.=151/193). The unabsorbed ux in the 0.3-10 kel¥/ display the orbital fundamental frequency () and the rst
range results to be 9:5 1:4 10'? ergs' cm? . The Hlcol- two harmonics (2 and 3) well above the 95% and 99% sin-
umn density is much lower than that of the ISM in the directiggle trial con dence levels as well as above the global 95% and
of the source (N = 3:7 10 2! cm? )70 consistent with the dis- 99% con dence levels, with the rst harmonic (2 ) being more
tance of 224 pc. A spectral t using an absorbed optically thprominent than the fundamental (Supplementary Data Fig. 8).
plasma APEC was also attempted providing an unconstrainedPeriod search using the three frequencies , 2 and 3,
temperature kT > 12 keV. linked together gives an X-ray period of 4800.1 8.6s and an

We observed RXJ0528+2838 with XMM-Newton on 202fptical period of 4799.4 5.3 s (errors at 1 level), both con-
February 23 via a DDT request (ObsID: 0954191301) witlistent with the better determined orbital period from TESS
the EPIC-pn camefa and with the EPIC-MOS1 and MOS24803.101 0.001 s and by.
camera® in the Full Frame mode and with the thin opti- Folded light curves at the 4803s TESS period in the
cal blocking lters for 30.1ks (EPIC-pn) and 34.9ks (EPICX-ray (0.2-12keV) and B-band ranges (see Supplemen-
MOS1,2). The Optical monitor (OM§ was set in fast window tary Data Fig. 9, left panel) display a main wide stronger peak
mode using the B (3975-502% lter. Six OM science win- and a secondary weaker peak offset by 0.5 in orbital phase indi-
dows of 4400s each were acquired sequentially totalling arating the contribution of two accreting poles. The modulation
exposure of of 26.4ks. The log of the XMM-Newton obsenamplitude is more than a factor of two in both bands. Energy re-
tions is reported in Supplementary Data Tab. 2. solved folded light curves in 0.2-2keV, 2-4 keV, 4-12 keV also

The data were processed and analysed using the XMligplay the same behaviour with similar amplitudes in all bands.
Newton Science Analysis Software (SAS v.20.0) with the latardness ratios indeed do not show energy dependent variabil-



Supplementary Table 1: Properties of bow-shock nebulae around cataclysmic variables. The properties include the space
velocity relative to the local interstellar mediumdy ), bow-shock size, mechanical luminosity required to power the bow shock
(Lp), and total bow-shock mass.

Property RXJ0528+2838 BZ Cam V341 Ara
Vism [kmsT] 142 125[13] 76 11171
Size [pc] 0:018 1:13] (5:5 0:3) 10 3M17]
Ly [erg st ] 8:2 10 %2 1:1 10321022 (1:2 0:2) 10 3207
Mass [M ] (4:1792) 10 5 (2:4 0:4) 10 38012 5 10 3004

() Total mass includes the bow shock together with the larger H nebula.

Supplementary Table 2: The X-ray observing log of RXJ0528+2838.

The list of observations carried out with Swift and XMM-Newton.

Telescope Instrument Date UT start (hrs) exgo Average rate (cts’s )2
Swift XRT 2024-02-24 07:55:56 1.67ks 0.09 0.04
12:50:56 1.07ks 0.110.04
XMM-Newton EPIC-pn 2025-02-23 04:49:28 30.1ks 0.440.08
EPIC-MOS1 04:26:21 34.9ks 0.130.04
EPIC-MOS2 04:26:40 34.9ks 0.130.04
OM-B 05:53:06 26.4ks 4.370.43(17.750.12)

a Average net count rates in the 0.3-10keV range for XRT and in the 0.2-12keV range for EPIC
cameras. For the OM, the average rate and the Vega magnitude in parenthesis are reported.

ity (see Supplementary Data Fig. 9, right panel) indicating tHaminosity of 1:0 3! ergs® . When comparing this ux with
the orbital modulation is due to changes in the viewed emittititgat from Swift the source was fainter by an order of magnitude
area and not to local photoelectric absorption. during the 2025 observation, which is consistent with the optical
The X-ray spectra of RXJ0528+2838 from the EPIC-pn af@hg-term light curve shown in (Supplementary Data Fig. 2).

MOS1,2 instruments were simultaneously tted with several The bolometric luminosity of the X-ray emitting component
models. An absorbed power law did not provide an satisfaesults in 1:4 103! ergs® . We note that this does not account
tory t giving a large excess in the residuals at the iron linfr the entirety of the accretion luminosity. The cyclotron ux,
complex. Thus the spectra were tted with an absorbed therneahitted in the optical band, cannot be determined from the OM
plasma CONST*TBABS*APEC where the constant accounts fdata since it provides coverage in only a single narrow optical
normalization among the three instruments. An excess is d1dind. It also cannot be reliably estimated from the MUSE spec-
found requiring the addition of a second thermal componetrg, which are not ux-calibrated and were obtained during a
thus CONST*TBABS*(APEC+APEC), giving an hydrogen colhigher accretion state than the XMM observations.
umn density Ny = 1:29 0:10 10 *?! cm? and plasmatem-  We also searched for a possible extended X-ray emission
peratures KT = 1:23'%%3 keV, kT, = 8:277:3 keV and a around RXJ0528+2838 on scales froff 200 “in search for
metal abundance A= 1:68}?5%5 ( ?=d:o:f: = 388:37=364 = an X-ray counterpart to the bow shock. The eld is crowded of
1:09). A similar t is found using a multi-temperature modeK-ray sources, and the closest one was detected at °2om
CONST*TBABS*CEMEKL with a power-law emissivity index our target.

=1:61 5932341 and maximum temperature Ky = 14+23 keV We extracted the surface brightness proles of the
and abundance A= 1:8 0:4 ( 2=d:o:f: = 388:0=364 = XMM-Newton observation in four different energy bands (0.2—
1:09) (Supplementary Data Fig. 10). Worth noticing that xing2keV, 0.2-2 keV, 2-5 keV and 5-12 keV) out to a radius of
the metal abundance to solar value yields an excess at 6.7 R&¢(in increments of 4. To search for a diffuse emission
but not at the 6.4 keV iron K uorescent line. Adding a Gaus-around the source we then tted the surface brightness with an
sian to the latter we derived an upper limit of <40eV to thanalytical King PSF model, that has been proven to provide a
equivalent width of this line. The high abundance indicatesggod description of the EPIC PSt-plus a constant background
slightly supra-solar value, which is not uncommon in CV syterm ly. We tted the function:
tems. Unfortunately the data from the Re ection Grating in- a
struments (RGS1,2) onboard XMM-Newton are not of suf cient SB = @+(=r ) +b
quality to better constrain the metal abundance. Both models ¢ 0
provide evidence of lack of intrinsic, local absorption, indicatvhere r is the distance from the source positiof, ra, are
ing that the orbital modulation is due to changes of the emittifrge parameters, and lwas xed at the background level mea-
poles as the WD rotates. The source X-ray unabsorbed uxsared far from the source in the same chip. We did not nd any
the 0.3-10keV range is 1:7 0:1 10*? ergcm? s! givinga radial excess of counts in any of the four energy ranges between




2%0 200 % We derive a 3 upper limit on the ux of the X-ray oids through NASA grants NN12AR55G, 80NSSC18K0284,

diffuse emission of <4 10'* ergs' cm? . and 80ONSSC18K1575; byproducts of the NEO search include
images and catalogs from the survey area. This work was
Radio observations partially funded by Kepler/K2 grant J1944/80NSSC19K0112

and HST GO-15889, and STFC grants ST/T000198/1 and

We targeted RXJ0528+2838 with the MeerKAT arfaynder ST/S006109/1. The ATLAS science products have been made
a Director's Discretionary Time programme. The rst epocpossible through the contributions of the University of Hawaii
commenced on 2025-02-02 at 16:28:58.996 UTC. Observatiomstitute for Astronomy, the Queen's University Belfast, the
were taken in L band, centred at 1.28 GHz, with a total pr8pace Telescope Science Institute, the South African Astro-
cessed bandwidth of 0.86 GHz spanning 856-1712 MHz. Tiemical Observatory, and The Millennium Institute of As-
correlator setup delivered 4096 frequency channels and antiophysics (MAS), Chile. This work is based on observa-
tegration time of 8 s per visibility. After an initial round oftions obtained with XMM-Newton an ESA science mission
RFI agging, the data were spectrally averaged to 1024 chagith instruments and contributions directly funded by ESA
nels for subsequent processing. Between 62 out of 64 antermasber States and NASA.We acknowledge the use of pub-
contributed to the visibilities, with baselines extending out fiz data from the Swift data archive. This work has made
7.698 km. use of data from the European Space Agency (ESA) mis-

The main observing block (ID: 1738513549) lasted 120 m#ion Gaia ( https://www.cosmos.esa.int/gaia ), processed by
and was partitioned as follows: 90 min on RXJ0528+2838e Gaia Data Processing and Analysis Consortium (DPAC,
(three 30 min scans), 10 min on the primary ux/bandpagstps://www.cosmos.esa.int/web/gaia/dpac/consortium). Fund-
calibrator J0408 6545, 10 min on the polarisation calibratoing for the DPAC is provided by national institutions, in par-
J0521+1638, and 5 min 40 s on the nearby phase calibraieular the institutions participating in the Gaia MultiLateral
J2011 0644 split into four short scans bracketing the targ@é{greement (MLA). This work is based on observations col-
scans. Subsequent (short) tracks adopted a standard cadeoted at the European Southern Observatory under ESO pro-
of 15 min on target, bookended by two 2 min scans on the sgecamme 112.25LQ.001. This research made use of APLpy, an
ondary calibrator and a 10 min scan on a primary calibrator. open-source plotting package for Pytfitin

Data reduction employed a set of dedicated PYTHON scripts KI was supported by the Polish National Science Centre
(OXKAT ") to carry out semi-automated calibration and imagNCN) grant 2024/55/D/ST9/01713. SS acknowledges support
ing. Within CASA’® we rst removed the outer 100 channel$y the Science and Technology Facilities Council (STFC) grant
at each band edge, excised autocorrelations and zero-ampliSTf&a 000244/1 and ST/X001075/1. DdM acknowledges nan-
visibilities, and performed additional time/frequency RFI ageial support from INAF (Large Research Grant “Uncovering
ging. Flux-density scale, bandpass, and instrumental delaythe- optical beat of the fastest magnetised neutron stars n.16
lutions were derived from the primary calibrator, while complgfFfANS)”. CK acknowledge support by the Science and Tech-
gains and residual delays were obtained from the secondary nelegy Facilities Council grant ST/V001000/1. NR is supported
ibrator. A spectral model of the phase calibrator was construckgdthe European Research Council (ERC) via the Consolida-
by temporarily binning the band into eight equal spectral witer Grant “MAGNESIA’ (No. 817661) and the Proof of Con-
dows tied to the primary-calibrator scale. The derived solutiogept “DeepSpacePulse” (No. 101189496), by the Catalan grant
were applied to the target eld, which was then split to a sep86GR2021-01269 (PI: Graber/Rea), the Spanish grant ID2023-
rate measurement set, averaged to 8 s in time and by a factas#099NA-100 (PI: Coti Zelati), and by the program Unidad
8 in frequency for imaging, and further cleaned of residual R#i¢ Excelencia Maria de Maeztu CEX2020-001058-M. DB is
using TRICOLOUR®. partially supported by a rated researcher grant (UID 132095)

Imaging was performed with WSCLEAR We rst pro- from the National Research Foundation. NCS acknowledge
duced a wide- eld image ( eld of view ' 1:5 decf) and from support from the Science and Technology Facilities Council
it generated a deconvolution mask. Using this mask, we (8TFC) grant ST/X001121/1. PJG is partially supported by
imaged the dataset and then applied direction-independent $¢f#F SARChI grant 111692.
calibration with CUBICAL®L, solving for phase and delay on
32 sintervals. The resulting eld image is shown in SupplemeAUTHOR CONTRIBUTIONS
tary Data Fig. 11. Kl led the preparation of the observing proposal for both MUSE

No emission is detected at the catalogued position arid Swift, performed the data reduction for the MUSE obser-
RXJ0528+2838. The nal map reaches an rms noise wdtions, measured the properties of the bow shock, conducted
13 Jy beam?! , from which we adopt a conservative 3 uppethe analysis of the photometric and spectroscopic data, mea-

limit of 39 Jy for the source's L-band ux density. sured the magnetic eld of the white dwarf and wrote and edited
the text. SS initiated and coordinated the project from the con-
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project is primarily funded to search for near earth asteis, as well as leading and suggesting possible hypotheses to in-
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Supplementary Figure 1: Folded TESS lightcurves of RXJ0528+2838 on the orbital period of 80.05169 minutes. Data is from
sectors 43, 44, 45, and 71 (gray points). Binned observations with a phase bin width of 0.01 are shown as red lines, with the shadec
regions indicating the standard error of the mean for each bin. Each bin contained at least 140 data points.

13



Supplementary Figure 2: Long-term photometric variability of RXJ0528+2838 across optical and near-infrared bands. Red
shaded regions indicate the TESS observation windows, cyan vertical lines mark the times of VLT/MUSE observations, while
magenta vertical lines mark the times of X-ray observations. The inset panels show zoom-ins of the relevant lightcurves around
the time of the MUSE observations. All error bars display the 1 uncertainty and are retrieved from the respective available public
datasets.
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Supplementary Figure 3: Phase—resolved variability of the continuum—normalized H emission line in RXJ0528+283. Left

panel: Individual spectra colour—coded by orbital phase. Right panel: Trailed spectrogram of the phase-folded spectra, with
the colour scale indicating normalized intensity. The orbital ephemeris is based on photometric observations, where phase zerc
corresponds to the time of maximum brightrless

Supplementary Figure 4: Radial velocity curve of RXJ0528+2838. Radial velocities were derived from the H , He 15411

H, and He 16678A emission lines using the bisector method (black points). All error bars represent the standard error of the
mean derived from the four emission lines. The red curve shows the best- tting sinusoidal model to the 30 mean radial velocities,
while the green dashed line marks the systemic velocity hRVi ' 128 ki ©btained from the t.

15



Supplementary Figure 5: [S 1] 6716/6731 ratio measured across the bow shock in RXJ0528+2838. The uniform distribution
of the [S 1] ratio suggests that the density across the bow shock is uniform.

Supplementary Figure 6: Emission line diagnostic diagram for RXJ0528+2838. The majority of the bow shock has emission
lines ratios consistent with a supernova remnant, suggesting that the emission originates in a region with a shock suggesting the

bow shock is a relatively new structure as opposed to a planetary nebula ejected by the current white dwarf or a chance alignmen
with an H Il region.
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Supplementary Figure 7: Radial velocity maps of the bow shock around RXJ0528+2838. Insets are for H (top left), [N 11]
(top right), [O I111] (bottom left), and [S 1] (bottom right) emission lines in the bow shock.
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Supplementary Figure 8: X-ray lightcurves and power spectra of RXJ0528+2838. Left: The X-ray light curves from the EPIC-

pn and MOS instruments in the 0.2-12 keV range and the optical B-band light curve binned with 100 s intervals. All error bars
display the 1 uncertainty. Right: The power spectrum from the EPIC-pn instrument in the 0.2-12 keV range. Single trial 95%
and 99% con dence levels (red dashed lines) and the global 95% and 99% con dence levels (blue dashed-dotted lines) are also
displayed.

Supplementary Figure 9: Folded X-ray and optical lightcurves of RXJ0528+2838. Left: The X-ray and optical light curves of
J0528+3828 folded at the 80 m orbital period sampled with 54 bins. Right: Folded hardness ratios at the orbital period in selected
0.2-2keV, 2-4keV and 4-12 keV bands evaluated in 24 bins. The light curve in the total 0.2-12 keV range is displayed at the
bottom for comparison. All error bars display the 1 uncertainty.
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