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ABSTRACT

Bow shocks around cataclysmic variables (CVs) have traditionally been identified with a single

bright optical arc. This feature has been interpreted as the bow shock formed by the interaction

between a sustained outflow and the interstellar medium (ISM). We show that this interpretation

is incomplete. Generic wind–ISM interaction theory predicts a two-shock configuration consisting of

an inner terminal wind (reverse) shock and an outer forward shock, separated by a hot, low-density

shocked wind cavity. Using archival ultraviolet, optical, and infrared imaging of the nova-like systems

BZ Cam and V341 Ara, and the polar 1RXS J052832.5+283824, we find that the nebulae around all

three systems exhibit this layered structure. In each case, the previously identified bow shock bright

in Hα and [O iii] corresponds to a compact inner arc, while additional emission components reveal

a more extended morphology. Specifically, each system shows an outer arc detected in mid-infrared

images, and the region between the optical and infrared arcs is filled with faint Hα emission and, where

available, far ultraviolet emission. We identify this infrared arc, reported here for the first time in these

systems, as the sweep-up boundary of the forward shock, while the bright inner optical arc corresponds

to the terminal wind shock rather than the forward shock as previously assumed. These results reveal

that the true extent and layered structure of bow shocks around CVs only become apparent when

observations extend beyond the optical band.

Keywords: Cataclysmic variable stars (203) — Stellar bow shocks (1586) — Stellar winds (1636) —

Interstellar medium (847) — Ultraviolet astronomy (1736) — Infrared astronomy (786)

1. INTRODUCTION

Cataclysmic variables (CVs) are close interacting bi-

naries in which a late-type donor transfers mass to a

white dwarf (WD). The accretion geometry is set largely

by the WD magnetic field: weakly magnetic systems

form an accretion disk, intermediate polars host trun-

cated disks with magnetically controlled accretion cur-

tains, and polars channel the flow directly along field

lines onto the WD poles. Some CVs, and in particular

high–mass-transfer nova-like systems, also launch sus-

tained outflows. These winds are most clearly revealed

Email: ilkiewicz@camk.edu.pl

through P Cygni profiles of emission lines in the ultra-

violet and optical range, indicating mass loss with char-

acteristic velocities of order a few 102–103 km s−1 (e.g.,

J. M. Hollis et al. 1992; J. Greiner et al. 2001).

When a source with a sustained outflow moves

through the interstellar medium (ISM), the wind–ISM

interaction can produce a bow shock. Persistent, spa-

tially resolved bow shocks have been identified around

only a handful of CVs to date (e.g., J. Krautter et al.

1987; H. E. Bond & B. Miszalski 2018; J. V. Hernández

Santisteban et al. 2019; H. E. Bond et al. 2025; K.

I lkiewicz et al. 2026), but those systems provide direct

constraints on the long-term momentum and energy in-
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put from compact binaries into their local environments

(N. Castro Segura et al. 2021; K. I lkiewicz et al. 2026).

BZ Cam is a nova-like with the best studied bow shock

among CVs. The BZ Cam bow shock is often portrayed

as dominated by a single bright optical arc seen in Hα

and [O iii], a feature that has been interpreted as the

forward shock or H ii front produced by the wind–ISM

interaction (J. M. Hollis et al. 1992). Subsequent work,

however, has shown that the bow shock morphology and

excitation are more complex than this single-layer pic-

ture implies. Namely, deeper imaging and kinematic

studies reveal extended, asymmetric structure and spa-

tially varying ionization that are not easily reconciled

with a single, steady forward shock (J. Greiner et al.

2001). Moreover, theoretically idealized wind–ISM in-

teractions produce a two-shock geometry consisting of

an inner reverse/terminal shock that decelerates and

heats the fast outflow and an outer forward shock that

sweeps up and compresses the ambient medium, with

a large hot shocked-wind cavity between them (J. M.

Hollis et al. 1992). These regions differ by few orders

of magnitude in density and temperature, so their ob-

servational signatures can be very different. As a result,

mapping these theoretical zones to observational tracers

is non-trivial and multi-wavelength imaging is required

to disentangle terminal-shock, forward-shock, and pho-

toionized components.

In this work we test whether CV bow shocks display

the generic two-shock wind–ISM structure. We focus

on the three best-characterized systems: nova-like sys-

tems BZ Cam and V341 Ara, and the diskless polar

1RXS J052832.5+283824 (RXJ0528+2838). We com-

bine archival ultraviolet and infrared imaging with pub-

lished narrow-band Hα and [O iii] maps. By comparing

the spatial distributions of emission across these wave-

length regimes, we assess how different observational

tracers relate to the underlying shock structure and eval-

uate whether the commonly adopted single-layer inter-

pretation of CV bow shocks provides a complete descrip-

tion. This approach allows us to place the observed neb-

ulae in the broader context of wind-driven bow shocks.

2. DATA SELECTION

We searched archival images for bow shocks associ-

ated with BZ Cam, V341 Ara, and RXJ0528+2838 using

survey data accessible through the CDS/Virtual Obser-

vatory (F. Bonnarel et al. 2000). For each target, we

inspected all available survey observations and selected

the datasets offering new insights into the structure of

the bow shocks.

The bow shock of BZ Cam is detected in the far-

ultraviolet (FUV; 1350–1750 Å), but not at the longer

wavelengths covered by the near-ultraviolet detectors

(NUV; 1750–2800 Å) of the Galaxy Evolution Explorer

(GALEX; P. Morrissey et al. 2007). This ultraviolet bow

shock was previously reported in Swift observations by

P. Zemko et al. (2014), but was not analyzed in detail.

We note that the UV ring-like feature reported by P.

Zemko et al. (2014) in the UVOT image is located at a

larger off-axis angle than the CV, consistent with known

UVOT ghost artifacts. The corresponding UVOT qual-

ity map produced with uvotflagqual flags this region,

and no counterpart is detected in our GALEX data.

Together, these facts indicate that the ring is an instru-

mental artifact. For V341 Ara, no far-ultraviolet obser-

vations are available, and, as in BZ Cam, no bow shock

features are detected in the near-ultraviolet images. For

RXJ0528+2838, no GALEX observations exist.

In the infrared the BZ Cam bow shock is visible in Un-

blurred Coadds of the WISE (unWISE; D. Lang 2014)

longer wavelength W2 images (3.96–5.34 µm), but not in

the shorter wavelength W1 band images (2.75–3.87 µm).

The bow shocks of RXJ0528+2838 and V341 Ara are

also present in W2, though their detailed morphology

is harder to analyze because of the relatively low spa-

tial resolution of WISE. Specifically, in V341 Ara the

bow shock is less pronounced due to strong crowding

in the field, while in RXJ0528+2838 the nebula is par-

tially blended with the nearby bright infrared source

2MASS J05283260+2837556.

To increase the visibility of the bow shocks in

RXJ0528+2838 and V341 Ara, we scaled the W1 im-

ages to match the mean stellar brightness in W2 and

subtracted W1 from W2, thereby removing most of the

stellar contamination. We note that because the W2

point spread function is larger than that in W1, this

procedure introduces residual artifacts in the form of

rings at the locations of bright stars.

The optical narrow-band images of BZ Cam are

taken from H. E. Bond & B. Miszalski (2018), for

V341 Ara from N. Castro Segura et al. (2021), and for

RXJ0528+2838 from K. I lkiewicz et al. (2026).

3. RESULTS: LAYERED BOW-SHOCK

MORPHOLOGY

3.1. BZ Cam: the predicted two-shock stratification

Figure 1 compares the far-ultraviolet (FUV), Hα, and

W2 morphologies of BZ Cam bow shock. The emission

is clearly stratified into three spatially distinct compo-

nents.

(i) Inner optical bow shock: The compact bow-shaped

arc bright in Hα and [O iii] λ5007 lies closest to the

CV. This structure corresponds to the bow shock dis-

cussed in previous optical studies and has historically
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Figure 1. False-color composite image of BZ Cam: GALEX FUV (blue), Hα (green; H. E. Bond & B. Miszalski 2018), and
unWISE W2 (red). The morphology is stratified: a compact inner optical bow shock, an extended FUV/faint-Hα interior,
and an outermost W2 shell. The arrow indicates the Gaia proper-motion vector ( Gaia Collaboration et al. 2023) corrected
for Galactic rotation. The corrected proper motion is (µα, µδ) = (−0.69 ± 0.02, −21.61 ± 0.07) mas yr−1. The corresponding
tangential, radial, and total space velocities are Vt = 38.4 ± 0.4 km s−1, Vr = −69 ± 10 km s−1, and V = 79.3 ± 8.8 km s−1.
North is up, east is left.

been treated as the primary manifestation of the wind–

ISM interaction (e.g., J. M. Hollis et al. 1992; J. Greiner

et al. 2001).

(ii) Intermediate faint layer: Beyond the bright op-

tical arc, a broader emission region bright in far-

ultraviolet is visible which seems to be accompanied

by a fainter Hα component. This extended compo-

nent is consistent with emission from hot, low-density

gas and/or strong far-ultraviolet lines commonly associ-

ated with shocked winds (e.g., C iv, He ii, N v), although

spectroscopy is required to determine the dominant con-

tributors. This more extended Hα emission is clearly

visible in previous publications, though it has not been

explicitly discussed by the authors (e.g., J. Greiner et al.

2001).

(iii) Outer dust bow: the most extended structure de-

tected in W2 defines the outer edge of a larger bow

shock. The W2 bow shock extends to ∼ 55′′, much

larger than the ∼ 15′′ bright optical arc. The appear-

ance in W2 and not W1 indicates cool dust emission

concentrated near the swept-up boundary. Although the

infrared bow axis remains aligned with the proper mo-

tion of BZ Cam, the infrared morphology appears more

asymmetric than that of the inner optical bow shock,

with the infrared bow apex shifted farther east of the

CV proper motion.
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This ordering, with a high ionization optical bow

shock inside, far-ultraviolet emission filling the cavity,

and an outer infrared rim, is consistent with theoreti-

cal models of wind–ISM interactions, provided that the

bright inner optical arc is associated with the terminal-

wind (reverse) shock, or with photoionized wind ma-

terial immediately upstream of the terminal shock. In

this interpretation, the outer infrared shell traces the

forward shock propagating into the ISM and the associ-

ated compressed, swept up dust layer (i.e., the H ii re-

gion/forward shock). A schematic mapping between the

observed tracers and the physical zones of the BZ Cam

bow shock is shown in Fig. 2. The observed asymmetry

of the infrared bow shock likely reflects inhomogeneities

in the local ISM, with the bow-shock surface expand-

ing preferentially toward regions of lower external ram

pressure (e.g. M. V. Barkov et al. 2019). In this in-

terpretation, the eastward displacement of the infrared

apex relative to the direction of proper motion implies a

lower ISM density toward the southeast than toward the

southwest, although asymmetry in the outflow cannot be

ruled out. The differing asymmetries observed in the in-

frared and optical bow shocks may arise because infrared

emission traces dust near the outer boundary of the in-

teraction region, where coupling to the large-scale ISM

is strongest, whereas Hα and [O III] emission originates

closer to the CV, where the flow is partially shielded

from ISM density variations by the forward shock.

The infrared bow shock exhibits a somewhat clumpy

morphology. Several of the brightest knots corre-

spond to sources in the WISE All-Sky Source Cat-

alog (WISEA), each with a unique identifier (e.g.,

WISEA J062924.50+710430.7). Using the catalog pho-

tometry (R. M. Cutri et al. 2021), we identified eleven

such clumps with no clear optical counterparts. Four

have measurements in the W1, W2, and W3 bands and

only upper limits in W4, while the remaining seven knots

are detected only in W1 and W2.

For the four clumps with three-band detections,

we fitted simple blackbody models to their spectral

energy distributions, obtaining dust temperatures of

∼500–600 K (see Appendix A). Because the SEDs are

constrained by only three photometric points, the black-

body fits should be interpreted with caution and are in-

tended primarily to demonstrate the presence of warm

dust rather than to characterize the detailed nature of

the mid-infrared emission. These temperatures are nev-

ertheless similar to those inferred at the apices of bow

shocks around massive stars (J. Sanchez-Bermudez et al.

2014), where dust is heated by a combination of radia-

tive and shock-related processes. In the case of BZ Cam,

the dust is unlikely to be heated predominantly by ra-

H II region (Dust, IR bright)
Shocked wind (far-UV bright, faint Hα)
Terminal shock front ([O III] and Hα bright)
Unshocked wind
Cataclysmic variable
Proper motion

Figure 2. Schematic mapping between observed tracers and
physical zones in the two-shock interpretation of CV bow
shocks. The outermost layer (orange) represents the swep-
t-up H ii/forward-shock boundary traced by infrared-emit-
ting dust. The inner bow shock (green) represents the
terminal/reverse shock front, which is bright in [O iii] and
Hα. The region between the two bow shocks (blue) is the
shocked-wind cavity expected to be bright in the far-ultravi-
olet and only faintly in Hα. The inner region (gray) indicates
unshocked wind with no clear observational signatures. The
arrow shows the CV proper-motion direction.

diation from the CV given its relatively low luminosity

and the large bow shock standoff distance, and is more

likely heated by irradiation from shock-generated UV

photons. However, more detailed observations will be

required before firm conclusions can be drawn regarding

the dominant dust heating mechanism.

We also extracted WISE multi-epoch photometry for

the clumps in the W1 and W2 bands using the proce-

dures of H.-C. Hwang & N. L. Zakamska (2020).9 None

of the clumps shows statistically significant variability,

although the photometric uncertainties are large.

3.2. RXJ0528+2838 and V341 Ara: the same

stratification across accretion regimes

In contrast to BZ Cam, RXJ0528+2838 and V341 Ara

lack far-ultraviolet imaging, and their infrared observa-

tions provide more limited constraints on the bow shock

structure. In RXJ0528+2838 the nebula is compact and

only marginally resolved, while in V341 Ara strong stel-

lar crowding reduces the contrast of the infrared emis-

sion. As a result, we do not recover the same level of

morphological detail as in BZ Cam. Nevertheless, both

9 https://github.com/HC-Hwang/wise light curves

https://github.com/HC-Hwang/wise_light_curves
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Figure 3. False-color images of RXJ0528+2838 (top) and V341 Ara (bottom). Blue: [O iii] λ5007; green: Hα; red: W2–W1 dif-
ference (to suppress stellar crowding; see text). Optical narrow-band images are from K. I lkiewicz et al. (2026) (RXJ0528+2838)
and N. Castro Segura et al. (2021) (V341 Ara). In both systems, the infrared emission marks the outermost bow shock layer.
The arrows indicate the Gaia proper-motion vectors ( Gaia Collaboration et al. 2023) corrected for Galactic rotation. For
RXJ0528+2838, the corrected proper motion is (µα, µδ) = (39.31±0.06, −29.1±0.2) mas yr−1, corresponding to Vt = 52.2±0.9
km s−1, Vr = 117.4±5.0 km s−1, and a total space velocity V = 128.5±4.6 km s−1. For V341 Ara, the corrected proper motion
is (µα, µδ) = (−44.89 ± 0.03, −60.2 ± 0.1) mas yr−1, with Vt = 55.5 ± 0.4 km s−1, Vr = 47.1 ± 2.0 km s−1, and V = 72.7 ± 1.3
km s−1. North is up, east is left.

RXJ0528+2838 and V341 Ara exhibit clear infrared bow

shock emission in the unWISE W2 data (Fig. 3), which

traces cool dust at the outermost extent of their nebulae.

In RXJ0528+2838, the W2 emission forms a well de-

fined parabolic arc that follows the outer boundary of

the optical bow shock. Although the small angular size

of the nebula (∼ 16.8′′) limits the amount of detail that

can be recovered at the WISE resolution (∼ 6′′), the in-

frared arc is aligned with the system proper motion and

reproduces the overall shape of the Hα emission. The

[O iii] bow shock is confined to a smaller region interior

to the W2 rim.

V341 Ara exhibits an analogous configuration on a

larger angular scale. The W2 emission appears as

an incomplete arc along the outer edge of the ex-

tended Hα nebula previously discussed as a possible

remnant nova shell (N. Castro Segura et al. 2021). As

in RXJ0528+2838, the infrared arc coincides with the

outer boundary of the faint Hα emission, while the

[O iii] emission highlights more internal, higher ioniza-

tion structure. This morphology with outer infrared rim

suggests that the larger Hα structure is not a nova shell,

but instead traces a shocked wind cavity similar to that

seen in BZ Cam. However, we note that a nova shell

interpretation cannot be excluded by our observations,

and that an abundance analysis, particularly of nitrogen

in the shell, would be required to exclude or confirm a

classical nova origin for the nebula.

In both systems, the infrared emission consistently

marks the most extended component of the bow shock,

whereas the [O iii] bright optical emission is confined to

a smaller bow shaped region closer to the central sys-

tem. This spatial ordering mirrors the layered morphol-

ogy identified in BZ Cam and suggests that a similar

stratification is present in RXJ0528+2838 and V341 Ara

(Fig. 2), even though the absence of far-ultraviolet data

prevents a direct detection of the shocked wind cavity.

4. DISCUSSION AND CONCLUSIONS

We have used archival ultraviolet, optical, and in-

frared imaging to test whether bow shocks around cat-

aclysmic variables exhibit the two-shock structure pre-

dicted by wind–ISM interaction theory. The combined

multi-wavelength data for BZ Cam, V341 Ara, and

RXJ0528+2838 reveal a consistent, layered morphology

that naturally maps onto the expected terminal-shock,

shocked-wind, and forward-shock zones.

All three systems show an outer infrared arc detected

in unWISE W2, reported here for the first time in

each object. This infrared-bright rim marks the most
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extended component of the bow shock and traces the

compressed, swept-up material at or near the forward

shock. Its appearance in W2 but not W1 indicates emis-

sion from relatively cool dust concentrated in the outer

boundary of the shocked region.

In BZ Cam the region interior to the infrared rim is

filled with far-ultraviolet emission and faint Hα, con-

sistent with a hot, low-density shocked-wind cavity

between the terminal and forward shocks. Although

far-ultraviolet data are not available for V341 Ara or

RXJ0528+2838, their morphologies show the same in-

termediate layer in the form of a faint, extended Hα

envelope.

The compact Hα+[O iii] arcs in all systems corre-

spond to the inner bow shock. This structure is the

same feature that has traditionally been identified as

the bow shock in previous studies, but our results sug-

gest it corresponds to the terminal/reverse shock front

rather than the forward shock as previously assumed.

Taken together, these results show that CV bow

shocks are fundamentally multi-layered structures: an

inner terminal shock front producing the bright optical

arc, a hot shocked-wind cavity that can emit strongly

in the far-ultraviolet, and an outer forward-shock/H ii

boundary traced by infrared-emitting dust. The pres-

ence of this same layered structure in both disk-bearing

nova-likes and in a diskless polar suggests that the ob-

served morphology is governed primarily by the physics

of the wind–ISM interaction, independent of the specific

outflow-launching mechanism.

Future spatially resolved UV and infrared spec-

troscopy will be essential for determining the physical

conditions within each layer and for constraining the

long-term mass-loss histories of accreting white dwarfs.
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APPENDIX

A. WISE KNOTS IN THE BZ CAM OUTER SHELL

The W2 arc of BZ Cam contains multiple compact clumps coincident with WISE All-Sky Source Catalog entries

(WISEA identifiers). Using catalog photometry (R. M. Cutri et al. 2021), we identified eleven such clumps lacking

obvious optical counterparts. Four have W1–W3 measurements and only upper limits in W4, and the remaining

seven are detected only in W1 and W2. For the four three-band clumps we fitted simple blackbodies by sampling

the blackbody parameter space with a Markov Chain Monte Carlo method, obtaining characteristic temperatures of

∼500–600 K (Appendix Figure 4). Multi-epoch W1/W2 photometry following H.-C. Hwang & N. L. Zakamska (2020)

shows no significant variability within the uncertainties.

4.2 4.4 4.6 4.8 5.0
log10 (Frequency [GHz])

4.5

4.0

3.5

3.0

2.5

lo
g 1

0
(F

lu
x

de
ns

ity
[Jy

])

WISEA J062924.50+710430.7

T = 605+112
96 K

56000 57000 58000 59000 60000
MJD

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

M
ag

4.2 4.4 4.6 4.8 5.0
log10 (Frequency [GHz])

4.5

4.0

3.5

3.0

2.5

lo
g 1

0
(F

lu
x

de
ns

ity
[Jy

])

WISEA J062924.72+710441.4

T = 552+105
92 K

56000 57000 58000 59000 60000
MJD

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

M
ag

Figure 4. Spectral energy distributions (left) and W1/W2 light curves (right) for representative WISEA clumps on the BZ Cam
outer shell. Red curves show blackbody fits; shaded regions indicate fit uncertainties.
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Figure 4. (Continued.)
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Figure 4. (Continued.)
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Figure 4. (Continued.)
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