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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.
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Figure 2: MUSE observation of RXJ0528+2838 and its extended emission. Top left: white light image of the field 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 x 10**ergs~!
(see Methods), excluding any radio pulsar at the source distance
unless the radio emission is anisotropic and pointed elsewhere
relative to our line of sight. A powerful pulsar in the line-of-
sight at a much further distance can be excluded by the strong
correlation of the bow shock with the CV proper motion.

Regardless of the driving mechanism the formation and on-
going presence of the bow shock requires a persistent energy
source with an average luminosity of L; ~ 8.2 x 1032 erg s~!.
A CV with an orbital period similar to that of RXJ0528+2838
is expected to exhibit a mass-transfer rate of 5 x 10711 Mg,
yr— 3% corresponding to an accretion luminosity of L,.. =
2.4 x 1032 erg s~!. The energy required to energize the bow
shock thus also exceeds the system accretion luminosity by a
factor of ~3. Combined with the inferred minimum age of the
bow shock (> 1000 years, see Methods), this energy excess in-
dicates a long-lived, energetically significant, outflow that can-
not be explained by standard mass-transfer or mass-outflow
models.

Given that all established bow shock formation scenarios
fail to explain the observations of RXJ0528+2838, we can only
speculate on a novel energy injection mechanism into the ISM
from this system. Rather than tapping into gravitational poten-
tial energy we can consider the power source responsible for
inflating the bow shock to be tapping into the strong magnetic
stored energy density of the WD and ask how long this might be
depleted at the power required to inflate the bow shock. As the
observed power requirement of P = Ly, ~ 8.2 x 1032 erg s~}
the magnetic energy U,,qy =~ 1.6 X 10*!erg would be depleted
within /= 600 years, in tension with the observed bow shock tail
requiring a sustained energy source for at least 1000 years. One
possible solution to this may be that the WD in RXJ0528+2838
possessed a much higher magnetic field of ~ 10°G in the past.
This larger energy reservoir of Uy, g ~ 1043erg could then sus-
tain a power output comparable to Ly, for a few thousand years
at the expense of decreasing the WD magnetic field strength.
However, aside from being entirely speculative, this scenario
implies not only that we are observing RXJ0528+2838 during a
rare and short evolutionary phase, but that this phase has ended
very recently, possibly arguing against this hypothesis. Further-
more, it is not obvious how the WD magnetic energy would
be extracted in this scenario. One possibility could be quasi-
continuous reconfiguration of the magnetic field, including the
possibility of the WD multipole reconfiguration®. Alternatively
the WD in RXJ0528+2838 may have been asynchronously ro-
tating with respect to the orbit in the not so distant past, ex-
tracting magnetic energy from the WD through binary interac-
tion torques. If this were the case, RXJ0528+2838 would have
synchronised very recently and would be a direct progenitor of
so-called asynchronous polars, of which less than 10 have been
discovered to date. Extended emission has been searched for at
optical wavelengths in six confirmed asynchronous polars with-
out any detection to date®®. This is also an argument against
this speculative hypothesis, although we note that all known
asynchronous polars are at substantially larger distances than
RXJ0528+2838.

From an observational point of view we can comment on
other somewhat similar systems that seemingly exhibit energy

losses that remain to be fully explained. These include, for
example, the prototypical polar AM Her with a reported ra-
dio luminosity of 1.8 x 10%® erg s~ ¥, the non-accreting white
dwarf pulsar analogue AR Sco with a radio luminosity of
~ 10%7ergs~'" as well as the non-accreting and synchro-
nized long period radio transient WD-M dwarf binary ILT
J110160.52+552119.62 which yields a radio luminosity of up
to ~ 10%® erg s~ 182 It has been proposed that long period ra-
dio transients may be an evolutionary phase linking WD pulsars
like AR Sco to the more common polars**#!, although this link
is being debated*?. While the mechanism responsible for the
radio emission of these systems remains unknown, and while
RXJ0528+2838 does not show the same radio luminosity level
as some other systems, they all share energy losses from the
binary that remain to be explained, and these losses are sub-
stantial enough to alter binary evolution channels. Although all
these systems have reportedly low radio luminosities, it is im-
portant to note that, at least for AR Sco, the bulk radiation is
observed at infrared and radio wavelengths, yielding integrated
luminosities of up to 6.3 x 1032 erg s, It is also important
to note that while the energy supply for the radiation in AR Sco
is consistent with spin-down energy of the WD, the mechanism
radiating this broad component (and radio emission in particu-
lar) is still debated, with both synchrotron radiation as well as
electron cyclotron maser instability>>*% being considered.

If a similar process is operating during the low states
of RXJ0528+2838, similarly to what has been suggested for
the synchronised and non-accreting ILT J110160.52+552119.62
system, it could provide enough energy to inflate the observed
bow shock. Under this scenario the WD in RXJ0528+2838 may
have directly evolved from a non-accreting synchronised sys-
tem similar to ILT J110160.52+552119.6, which in turn evolved
from systems akin to AR Sco where the WD surface magnetic
field had been greatly enhanced, possibly through crystallisa-
tion of the WD core*’, Interestingly this scenario may also help
explain why the strongest magnetic fields of ~ 10°G are only
found in isolated WDs*, as interacting close binaries would
promptly deplete the WD magnetic energy density. Nonethe-
less it is clear that RXJ0528+2838 provides a rare and com-
pelling observational window into a potentially important, yet
overlooked, energy-loss channel in compact and strongly mag-
netized interacting binaries.

METHODS

RXJ0528+2838 photometry

We investigated the orbital variability of RXJ0528+2838 using
data from the Transiting Exoplanet Survey Satellite (TESS)**
covering sectors 43, 44, 45, and 71. Combining all sectors
we recover an orbital period of 80.05169(2) min with no sig-
nificant changes in the orbital period when comparing individ-
ual sectors. In particular, comparing the periods and associ-
ated errors measured in sectors 43 and 714, separated by 761
days, yields an upper limit on the orbital period derivative of
Pyp <2x 10795571,

The orbital variability of RXJ052842838 exhibits a shape



typical of a polar® (Supplementary Data Fig. [1). During sec-
tors 43, 44, and 45, we observed a dip prior to maximum light,
consistent with a partial eclipse by the accretion stream*’. This
eclipse was absent during TESS sector 71, indicating a change
in the accretion geometry. This change was likely caused by a
decrease in the mass transfer rate, as suggested by the decrease
in system brightness between TESS sectors 45 and 71 (Supple-
mentary Data Fig. [2).

In asynchronous polars, the mismatch between the white
dwarf spin period and the binary orbital period leads to periodic
variations in the accretion geometry, which typically manifest
as a peak in the periodogram at the beat frequency*®. However,
when combining all the TESS sectors of RXJ0528+2838, no
such beat frequency is detected within the accessible frequency
range, placing an upper limit on the system’s asynchronization
of 1 — P,/ Pspin < 0.02%. We note that we did not attempt
to remove any long term systematic trends for the TESS data but
simply subtracted the mean count rate from each sector before
combining all sectors.

We investigated the long-term variability of RXJ0528+2838
using photometric observations. We employed data from
the All-Sky Automated Survey for Supernovae (ASAS-
SNY*50 the Asteroid Terrestrial-impact Last Alert System
(ATLAS)2!52| and the Wide-field Infrared Survey Explorer
(WISE)>354, The WISE observations were retrieved using the
wise_light_curves Python module®®. The full light curve
is presented in Supplementary Data Fig.[2]

RXJ0528+2838 exhibited gradual long-term variability,
with a broad maximum around MJD~59300. This variability
was most pronounced in the ¢ and the o filters and weaker in
V/g filters. Since the V/g band lies between the ¢ and o filters
in wavelength, the observed colour trends cannot be attributed
to variable reddening and instead point to changes in the mass
transfer rate as the primary driver of the long-term variability.

In addition to the gradual changes, RXJ0528+2838 un-
derwent two low-accretion states, a common feature among
polars®®. While the onset of the first low state was not observed
directly, it must have occurred sometime after MJD~60420.
The egress began around MJD~60570 and lasted approximately
ten days, consistent with the rapid transitions typically seen in
polars. The second low state began around MJD~60682, with
the transition lasting between 3 and 8 days. A gradual recovery
toward the high state appeared to begin immediately, but as of
the most recent observation (MJID=60788), the system had not
yet returned to the high state.

MUSE observations

We observed RXJ0528+2838 using the Multi Unit Spectro-
scopic Explorer (MUSE)*Z at the Very Large Telescope (VLT).
The observations were made in the Wide Field Mode (WFM),
which resulted in a 1x1 arcmin field of view with 0.2 arcsec
sampling. The field of view was selected in order to cover the
entirety of the nebula around the observed IGAPS image. The
observations were carried out using the wavelength range 4750—
9350 A with a spectral resolution of R~1800-3500. In total
we observed RXJ0528+2838 for 35850s spread over 33 frames.
The detailed log of observations is available online under Pro-

gram ID 112.25L.Q.001. The observations were reduced using
the MUSE Instrument Pipeline®® and standard MUSE proce-
dures. Each science exposure was accompanied by an offset
sky exposure taken in an empty region near RXJ0528+2838 and
reduced in the same way. For every science frame, the MUSE
pipeline constructed a sky model from the corresponding offset
exposure and applied it for sky subtraction. We did not apply
any PCA-based sky-residual cleaning (e.g. ZAP) or empirical
flat-fielding tools (e.g. CubeFix) in order to avoid the risk of
suppressing extended line-dominated emission. Residuals were
evaluated by inspecting line-free regions of the cube and mea-
suring background statistics in blank apertures.

The fluxes and radial velocities of emission lines were mea-
sured fitting a Gaussian function through the pyspecki 220
package. We have attempted double-Gaussian fits but could
not resolve two components. The emission line fluxes across
the nebula, normalized to the peak Ha flux, are presented in
Fig. Pl Moreover, we extracted the spectra of RXJ0528+2838
itself from each individual observation.

To mitigate slicer/IFU systematics, we rotated the obser-
vation by 90° between each frame. We combined all of the
exposures using the MUSE Instrument Pipeline. We reduced
and combined the two angle sets both together and separately,
and the detected bow-shock features show consistent morphol-
ogy and centroid in each instrument orientation. This rules out
fixed-pattern artifacts associated with a single orientation. We
performed a star detection on a white-light image to identify
sources that could influence the detected morphology by con-
tamination. We find that contamination from RXJ0528+2838
itself prevents the detection of [N II], [O III], and [S II] emis-
sion lines from the bow shock, and that Ho emission from
RXJ0528+2838 may blend with Ha emission from the bow
shock. Moreover, contamination from two stars southwest
of RXJ0528+2838, 2MASS J05283208+2838304 and 2MASS
J05283158+2838344, prevents us from measuring the bow-
shock He, [N II], and [[S II] emission lines in their vicin-
ity. Similarly, a star northwest of RXJ0528+2838, WISEA
J052831.69+283854.1, prevents measurement of the bow-shock
Ha emission in its immediate surroundings. However, visual
inspection of the stellar PSFs shows that these contaminating
sources do not account for the extended low-surface-brightness
features we report, and they do not significantly influence our
measurements, aside from small localized artifacts visible in
Fig.|2] at the positions of these stars.

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
polar caps of the white dwarf. The positions of these harmon-
ics depend on the local magnetic field strength®2. By identifying
the cyclotron humps in the spectra®’, we estimate a surface mag-
netic field strength in the range B ~ 42—45 MG for the white
dwarf (Supplementary Data Fig. 3). This is consistent with the
estimate of B ~ 41 MG reported in the literature®Z,

The emission lines in the spectra show clear variability with
the orbital phase (Supplementary Data Fig. 4). As no donor star
absorption features are evident, we measured radial velocities
using the emission lines HB, He 11 5411A, Ha, and Hel 6678A.



Velocities were computed using the bisector method and aver-
aged. We then phased the barycentric velocities using the pho-
tometric orbital period and fit a sinusoidal model. From this fit,
we estimate the systemic radial velocity of RXJ0528+2838 to
be (RV) ~ 128 kms~! (Supplementary Data Fig. 5). While
the fitted semi-amplitude of the velocities is approximately
~ 350 kms~?!, we caution against interpreting this directly as
the white dwarf orbital motion, as the exact origin of the line-
emitting region remains uncertain.

Bow shock properties

The spatial extent of the bow shock in RXJ0528+2838 varies
significantly depending on the emission line used to trace it
(Fig. 2). To measure the distance from the central system to
the bow-shock apex, we fitted a second-order Taylor expan-
sion to the bow profile around the apex, providing a simple
parabolic approximation to the local bow shape®?. The uncer-
tainty was estimated from the fit errors. The measured distance
from the central system to the bow shock apex is largest in Ha at
16.694-0.05 arcsec, followed by 10.5040.08 arcsec in the [N 1]
lines, and smallest in the [O III] lines at 6.2540.10 arcsec. At
the distance of RXJ0528+2838 (224.2 pc?), this corresponds to
bow shock sizes of 0.018 pc (3800 AU), 0.011 pc (2400 AU),
and 0.007 pc (1400 AU), respectively.

While the overall morphology of the bow shock appears
roughly symmetrical across most emission lines, its surface
brightness distribution is noticeably asymmetric, with enhanced
emission toward the South and South-West. The morphology in
the [S II] lines, however, departs markedly from a typical bow
shock shape. This may indicate that the physical conditions re-
quired for efficient [S II] emission, such as specific densities,
temperatures, or ionization states, are only met in localized re-
gions of the structure. However, a detailed interpretation of the
bow shock structure is limited by the absence of line ratios sen-
sitive to electron temperature. Furthermore, the emission line
widths observed in the MUSE spectra are constrained by the rel-
atively low spectral resolution. Higher-resolution spectroscopy
may reveal intrinsic variations in line widths, potentially iden-
tifying the physical origin of the emission - whether from the
shock front itself or the outflow from the CV.

The full extent of the [N II] tail trailing RXJ0528+2838 is
not captured within the MUSE field of view (Fig. [2), but we
estimate a conservative lower limit on its projected length of
57 arcsec. The RXJ0528+2838 proper motion p, = 39.701 £
0.061 mas yr~! and ps = —41.6621 + 0.045 mas yr— ' cor-
rected for the local standard of rest, together with the [N II] tail
length, implies that the bow shock must have persisted for at
least the last ~1000 years.

The smooth morphology of the bow shock supports a
scenario in which energy is being continuously supplied by
RXJ0528+2838. Alternatively, a sequence of discrete mass-
loss episodes could reproduce a similar structure, provided they
occur frequently enough to remain unresolved in the available
data. The full width at half maximum of the point spread func-
tion in the combined MUSE image is 4.3 arcsec. Given the
proper motion of RXJ0528+2838, this angular resolution trans-
lates into a temporal smoothing scale of approximately 75 years.

Thus, any outflow events separated by less than this timescale
would be observationally indistinct, allowing for the possibility
of recurrent episodic activity as the driver of the bow shock.

To constrain the physical conditions within the nebula, we
used the flux ratio of the [S II] doublet as a diagnostic of the
electron density. The observed ratio appears nearly constant
across the extent of the bow shock (Supplementary Data Fig. [5),
indicating a uniform density throughout the structure. We mea-
sured a mean ratio of [S II] 6716/6731=1.408=+0.002 across
the bow shock. Assuming the nebula temperature of 10,000 K
this implies the electron density in the bow shock to be n, =
42.3739 em~3. Adopting a circular radius of 0.018 pc we deter-
mined the mass of the bow shock to be 4.1770:33 x 10~°M,. We
note That the inferred mass is sensitive to the assumed electron
temperature and reaches its maximum value of about 4 x 10~
M@ for temperatures in the range 5,000-10,000 K. At higher
temperatures the mass would decrease by more than a factor of
four between 10,000 K and 20,000 K, while at lower tempera-
tures the decline is even steeper.

To estimate the strength of the presumed outflow responsi-
ble for the formation of the RXJ0528+2838 bow shock, we as-
sume that the entire mass of the nebula must have been supplied
within the time it took the system to traverse a distance equal to
the bow shock current radius. Using the previously derived bow
shock mass, radius, and the system proper motion, we estimate
an upper limit on the mass-loss rate of M, <1.2x 10~ " Mg lyr.
This estimate does not account for the contribution of swept-
up interstellar material and thus represents a conservative upper
bound on the true outflow rate.

To further investigate the physical conditions within the
emission-line region, we constructed diagnostic diagrams based
on standard optical emission line ratios®*. We applied a kernel
density estimate to the full distribution of line ratios measured
across the bow shock, revealing that the excitation conditions
are broadly consistent with those found in supernova remnants
(Supplementary Data Fig. [). While the nebula surrounding
RXJ0528+2838 is not itself a supernova remnant, this similar-
ity suggests the presence of shock excitation. This finding ef-
fectively rules out scenarios in which the observed nebulosity
arises from a coincident H II region or from a planetary nebula
ejected during the formation of the current white dwarf.

The different bow shock sizes observed in various emission
lines suggest a high stratification of the bow shock. Since the
density across the bow shock appears to be uniform (Supple-
mentary Data Fig.[5), the stratification is likely due to a hetero-
geneous temperature distribution. Moreover, the stratification is
visible in the radial velocities of different emission lines (Sup-
plementary Data Fig. [7). Namely, the mean radial velocity of
the Ho line, 27.84-+0.14 km s~ 1, is the highest, being closest to
the RXJ0528+2838 system putative velocity of ~ 128 km s~ 1.
The mean radial velocities of the [S II] and [N II] lines were
measured to be 12.924+0.23 km s~ ! and 11.534+0.09 km s~ 1,
respectively. Their radial velocities are closest to the expected
radial velocity of the interstellar medium at the position and dis-
tance of RXJ0528+2838, which is approximately +8 km s~ 02,

This, together with the extended [N II] emission tail, may
suggest that the [S II] and [N II] emission originates from ma-



terial left behind the bow shock after its interaction with the
interstellar medium. The mean radial velocity of the [O III]
emission is intermediate, at 21.124-0.85 km s~ !. Interestingly,
the radial velocities of the [N II], [O III], and [S II] emission
lines remain uniform across the bow shock, despite the large
variation in their surface brightness. In contrast, the Ha line
shows significant radial velocity variations, reaching its highest
values near the outer edges of the bow shock. This behaviour
is consistent with the broader range of physical conditions un-
der which Hae can be emitted, compared to the more restrictive
conditions required for forbidden lines.

A comparison of the bow-shock properties of
RXJ0528+2838 with those of the best-studied bow shocks
around cataclysmic variables is presented in Supplemen-
tary Data Table [I, Notably, the RXJ0528+2838 bow shock
requires an energy input comparable to that of systems where
the outflow is thought to be powered by an accretion-disk wind,
but its mass and size differ significantly.

XMM-Newton and Swift observations

RXJ0528+2838 was discovered as an X-ray source by ROSAT
and identified as 1RXSJ052832.5+283824. We requested two
short (1.7ks and 1.0ks separated by ~5hrs) pointings with
the XRT instrument on-board the Neil Gehrels Swift satellite®®,
performed on February 24, 2024 (Obsld: 00016536001,
PLIlkiewicz) (see Supplementary Data Tab. [2). Processing
of the data, light curve and spectrum extraction were per-
formed through the UKSSDC on-line product generator®”. The
X-ray source was detected with a net average count rate of
0.10440.07 cts s~ ! in the 0.3-10keV range. It displayed a large
variability (more than a factor of two) reminiscent of orbital
modulation of polar-type CVs, but the poor coverage could
not allow to infer the orbital period. The Swift/XRT spec-
trum in the 0.3-10keV range was fit using Cash statistics with
an absorbed power law model TBABS*POW within the XSPEC
package®® where TBABS accounts for the ISM absorption with
abundances from®, giving a power law index o = 1.181'8:%2
and hydrogen column density Ny = 1.147523 x 102! cm~2
(c-stat/d.o.f.=151/193). The unabsorbed flux in the 0.3-10keV
range results to be 9.5+ 1.4 x 10~ 2 erg s~ 'cm 2. The HI col-
umn density is much lower than that of the ISM in the direction
of the source (Ni; = 3.7 x 102! en—~2)Y2% consistent with the dis-
tance of 224 pc. A spectral fit using an absorbed optically thin
plasma APEC was also attempted providing an unconstrained
temperature kT > 12keV.

We observed RXJ0528+2838 with XMM-Newton on 2025
February 23 via a DDT request (ObsID: 0954191301) with
the EPIC-pn camera’! and with the EPIC-MOS1 and MOS2
cameras’? in the Full Frame mode and with the thin opti-
cal blocking filters for 30.1 ks (EPIC-pn) and 34.9ks (EPIC-
MOS1,2). The Optical monitor (OM)% was set in fast window
mode using the B (3975-50254) filter. Six OM science win-
dows of ~4400s each were acquired sequentially totalling an
exposure of of 26.4ks. The log of the XMM-Newton observa-
tions is reported in Supplementary Data Tab. [2]

The data were processed and analysed using the XMM-
Newton Science Analysis Software (SAS v.20.0) with the lat-

est calibration files. The photon arrival times from EPIC cam-
eras were reported to the solar system barycentre using the
JPL DE405 ephemeris and the nominal Gaia DR3 position’*
of RXJ0528+2838. For the EPIC cameras, we extracted events
using a 15” radius circular region centred on the source and us-
ing a background region of the same size located on the same
CCD chip. To improve the S/N the data were filtered by select-
ing pattern pixel events up to double with zero-quality flag for
the EPIC-pn data and up to quadrupole for the EPIC-MOS data.
The presence of background flaring activity at the beginning of
the pointing was found using high energy (>10keV) coverage,
which resulted in no effects on the light curve analysis. How-
ever, conservatively, the high background period was removed
from the EPIC event files when extracting the X-ray spectra, re-
sulting in a reduction of effective exposure times of 26.5 ks and
29.7ks for the EPIC pn and MOS cameras, respectively. We
produced background subtracted light curves using the EPICLC-
CORR task in the total 0.2-12keV range with 10 s binning and
in three energy bands covering 0.2-2keV, 2-4keV and 4-12keV
ranges with 200 s bin time.

To extract the EPIC 0.3-10keV spectra we previously fil-
tered the events using the task GTIGEN with good time intervals
determined by selecting low background epochs. We generated
response matrix and ancillary files using RMFGEN and ARFGEN,
respectively. Finally we used SPECGROUP routine to rebin the
spectra with a minimum of 30 counts in each bin for fitting pur-
poses.

The optical B-band data from the OM were processed using
the task OMFCHAIN and generating background subtracted light
curves with bin time of 100s. Each fast window data was in-
spected against target centring ensuring that no drift of the tele-
scope occurred during the observation. The light curves were
also corrected to the solar system baricentre with the same pro-
cedure as the EPIC data. WE converted the B-band count rates
into Vega magnitudes following the count rate magnitude con-
version reported at the XMM-Newton Science Operation Centre.

The 80 min orbital modulation is clearly visible in all instru-
ments as well as in all the three selected bands (Supplemen-
tary Data Fig. [8). The power spectra of the EPIC-pn and OM
B display the orbital fundamental frequency (£2) and the first
two harmonics (292 and 3Q2) well above the 95% and 99% sin-
gle trial confidence levels as well as above the global 95% and
99% confidence levels, with the first harmonic (2€2) being more
prominent than the fundamental (Supplementary Data Fig. [§).

Period search using the three frequencies {2, 2€) and 3(),
linked together gives an X-ray period of 4800.1 + 8.6 s and an
optical period of 4799.44+5.3 s (errors at 1o level), both con-
sistent with the better determined orbital period from TESS
4803.1014-0.001 s and by “.

Folded light curves at the 4803s TESS period in the
X-ray (0.2-12keV) and B-band ranges (see Supplemen-
tary Data Fig. 0] left panel) display a main wide stronger peak
and a secondary weaker peak offset by 0.5 in orbital phase indi-
cating the contribution of two accreting poles. The modulation
amplitude is more than a factor of two in both bands. Energy re-
solved folded light curves in 0.2-2keV, 2-4keV, 4-12keV also
display the same behaviour with similar amplitudes in all bands.
Hardness 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 medium (vigyr), bow-shock size, mechanical luminosity required to power the bow shock

(Ly), and total bow-shock mass.

Property RXJ0528+2838 BZ Cam V341 Ara
vrsa [kms™1] 142 125 13 76 + 1117

Size [pc] 0.018 1.2 131 (5.5 +0.3) x 107307
Ly [erg s™1] 8.2 x 1032 1.1 x 1032+112] (1.2 £0.2) x 103217
Mass [M] (4.17153%) x 107> (2.4 +0.4) x 103012 5 x 10730 [14]

(*) Total mass includes the bow shock together with the larger Ho 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)  Texpo Average rate (cts s~
Swift XRT 2024-02-24 07:55:56 1.67ks 0.09+0.04

12:50:56 1.07 ks 0.11+0.04
XMM-Newton EPIC-pn 2025-02-23 04:49:28 30.1ks 0.44+0.08
EPIC-MOS1 04:26:21 34.9ks 0.13+0.04
EPIC-MOS2 04:26:40 34.9ks 0.13+0.04
OM-B 05:53:06 26.4ks 4.374+0.43 (17.75+0.12)

¢ 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. 0] right panel) indicating that
the orbital modulation is due to changes in the viewed emitting
area and not to local photoelectric absorption.

The X-ray spectra of RXJ0528+2838 from the EPIC-pn and
MOS1,2 instruments were simultaneously fitted with several
models. An absorbed power law did not provide an satisfac-
tory fit giving a large excess in the residuals at the iron line
complex. Thus the spectra were fitted with an absorbed thermal
plasma CONST*TBABS*APEC where the constant accounts for
normalization among the three instruments. An excess is still
found requiring the addition of a second thermal component,
thus CONST*TBABS*(APEC+APEC), giving an hydrogen col-
umn density Ng = 1.29 +£0.10 x 1072 cm 2 and plasma tem-
peratures kT, = 1237523 keV, kT, = 8.2773 97 keV and a
metal abundance Ay = 1.681535 (x2/d.o.f. = 388.37/364 =
1.09). A similar fit is found using a multi-temperature model
CONST*TBABS*CEMEKL with a power-law emissivity index
o = 1.6170-3} and maximum temperature kT ., = 1475 keV
and abundance Az = 1.8 &+ 0.4 (x?/d.o.f. = 388.0/364 =
1.09) (Supplementary Data Fig.[I0). Worth noticing that fixing
the metal abundance to solar value yields an excess at 6.7 keV
but not at the 6.4 keV iron K, fluorescent line. Adding a Gaus-
sian to the latter we derived an upper limit of <40¢eV to the
equivalent width of this line. The high abundance indicates a
slightly supra-solar value, which is not uncommon in CV sys-
tems. Unfortunately the data from the Reflection Grating in-
struments (RGS1,2) onboard XMM-Newton are not of sufficient
quality to better constrain the metal abundance. Both models
provide evidence of lack of intrinsic, local absorption, indicat-
ing that the orbital modulation is due to changes of the emitting
poles as the WD rotates. The source X-ray unabsorbed flux in
the 0.3-10keV range is 1.7£0.1 x 102 ergcm =2 s~ ! giving a

luminosity of ~ 1.0x3! erg s~1. When comparing this flux with
that from Swift the source was fainter by an order of magnitude
during the 2025 observation, which is consistent with the optical
long-term light curve shown in (Supplementary Data Fig. [2).

The bolometric luminosity of the X-ray emitting component
results in 1.4 x 103! ergs~!. We note that this does not account
for the entirety of the accretion luminosity. The cyclotron flux,
emitted in the optical band, cannot be determined from the OM
data since it provides coverage in only a single narrow optical
band. It also cannot be reliably estimated from the MUSE spec-
tra, which are not flux-calibrated and were obtained during a
higher accretion state than the XMM observations.

We also searched for a possible extended X-ray emission
around RXJ0528+2838 on scales from 2" — 200" in search for
an X-ray counterpart to the bow shock. The field is crowded of
X-ray sources, and the closest one was detected at ~ 240" from
our target.

We extracted the surface brightness profiles of the
XMM-Newton observation in four different energy bands (0.2—
12keV, 0.2-2 keV, 2-5 keV and 5-12 keV) out to a radius of
200" (in increments of 2”). To search for a diffuse emission
around the source we then fitted the surface brightness with an
analytical King PSF model, that has been proven to provide a
good description of the EPIC PSFZ, plus a constant background
term by. We fitted the function:

ao

A I Sy T Ea

where 1 is the distance from the source position, ag, 7., o are
free parameters, and by was fixed at the background level mea-
sured far from the source in the same chip. We did not find any
radial excess of counts in any of the four energy ranges between



2" — 200”. We derive a 3¢ upper limit on the flux of the X-ray

diffuse emission of < 4 x 104 ergs™ cm~2.

Radio observations

We targeted RXJ0528+2838 with the MeerKAT array’® under
a Director’s Discretionary Time programme. The first epoch
commenced on 2025-02-02 at 16:28:58.996 UTC. Observations
were taken in L band, centred at 1.28 GHz, with a total pro-
cessed bandwidth of 0.86 GHz spanning 856-1712 MHz. The
correlator setup delivered 4096 frequency channels and an in-
tegration time of 8 s per visibility. After an initial round of
RFI flagging, the data were spectrally averaged to 1024 chan-
nels for subsequent processing. Between 62 out of 64 antennas
contributed to the visibilities, with baselines extending out to
7.698 km.

The main observing block (ID: 1738513549) lasted 120 min
and was partitioned as follows: 90 min on RXJ0528+2838
(three 30 min scans), 10 min on the primary flux/bandpass
calibrator J0408—6545, 10 min on the polarisation calibrator
J0521+1638, and 5 min 40 s on the nearby phase calibrator
J2011—-0644 split into four short scans bracketing the target
scans. Subsequent (short) tracks adopted a standard cadence
of 15 min on target, bookended by two 2 min scans on the sec-
ondary calibrator and a 10 min scan on a primary calibrator.

Data reduction employed a set of dedicated PYTHON scripts
(OXKAT™) to carry out semi-automated calibration and imag-
ing. Within CASA” we first removed the outer 100 channels
at each band edge, excised autocorrelations and zero-amplitude
visibilities, and performed additional time/frequency RFI flag-
ging. Flux-density scale, bandpass, and instrumental delay so-
lutions were derived from the primary calibrator, while complex
gains and residual delays were obtained from the secondary cal-
ibrator. A spectral model of the phase calibrator was constructed
by temporarily binning the band into eight equal spectral win-
dows tied to the primary-calibrator scale. The derived solutions
were applied to the target field, which was then split to a sepa-
rate measurement set, averaged to 8 s in time and by a factor of
8 in frequency for imaging, and further cleaned of residual RFI
using TRICOLOUR?.

Imaging was performed with WSCLEAN®Y, We first pro-
duced a wide-field image (field of view ~ 1.5 deg?) and from
it generated a deconvolution mask. Using this mask, we re-
imaged the dataset and then applied direction-independent self-
calibration with CUBICALSY, solving for phase and delay on
32 sintervals. The resulting field image is shown in Supplemen-
tary Data Fig.

No emission is detected at the catalogued position of
RXJ0528+2838. The final map reaches an rms noise of
13 pJy beam™1!, from which we adopt a conservative 3o upper
limit of 39 pJy for the source’s L-band flux density.
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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 shaded
regions indicating the standard error of the mean for each bin. Each bin contained at least 140 data points.
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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 1o uncertainty and are retrieved from the respective available public

datasets.
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Supplementary Figure 3: Phase-resolved variability of the continuum-normalized Ho 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 zero
corresponds to the time of maximum brightness.
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Supplementary Figure 4: Radial velocity curve of RXJ0528+2838. Radial velocities were derived from the Hj3, He 115411 A,
Ha, and He 16678 A 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-fitting sinusoidal model to the 30 mean radial velocities,
while the green dashed line marks the systemic velocity (RV) ~ 128 kms~! obtained from the fit.
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Supplementary Figure 5: [S II] 6716/6731 ratio measured across the bow shock in RXJ0528+2838. The uniform distribution
of the [S II] ratio suggests that the density across the bow shock is uniform.
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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 alignment

with an H II region.
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Supplementary Figure 7: Radial velocity maps of the bow shock around RXJ0528+2838. Insets are for Ha (top left), [N II]
(top right), [O III] (bottom left), and [S II] (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 0.2-12keV range and the optical B-band light curve binned with 100 s intervals. All error bars
display the 1o uncertainty. Right: The power spectrum from the EPIC-pn instrument in the 0.2-12keV range. Single trial 95%
and 99% confidence levels (red dashed lines) and the global 95% and 99% confidence levels (blue dashed-dotted lines) are also
displayed.
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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 4-12keV bands evaluated in 24 bins. The light curve in the total 0.2-12keV range is displayed at the
bottom for comparison. All error bars display the 1o uncertainty.
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Supplementary Figure 10: X-ray spectrum of RXJ0528+2838. The X-ray spectra from the EPIC-pn (black) and MOSI1 (red)
and MOS2 (green) instruments fitted with an absorbed multi-temperature plasma (upper panel). The ratio between observed and
model is reported in the lower panel. All error bars display the 1o uncertainty.
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Supplementary Figure 11: The field of RXJ0528+2838 as seen by the MeerKAT radio telescope. The diamond at the geomet-
rical centre of the 1.5 degrees? field corresponds to the nominal position of RXJ0528+2838.
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