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ABSTRACT

Some carbon-rich Wolf-Rayet stars (WC stars) show an infrared excess from dust emission. Dust
forms in the collision of the WC wind with a companion star’s wind. As this dust is carried towards
the ISM at close to the WCd wind speed and the binary continues through its orbit, a spiral structure
forms around the system. The shape depends on the orbital eccentricity and period, as well as stellar
parameters like mass-loss rates and terminal wind speeds. Imaging of the WCd binary WR, 140
with JWST /MIRI revealed 17 concentric dust shells surrounding the binary. We present new JWST
imaging of four additional WCd systems (WR 48a, WR 112, WR 125, and WR 137) that were imaged
in 2024. In this analysis, we show that the dust is long-lived, detected with an age of at least 130 years,
but more than 300 years in some systems. Longer duration measurements are limited by sensitivity.
Regular spacing of dust features confirms the periodic nature of dust formation, consistent with a
connection to binary motion. We use these images to estimate the proper motion of the dust, finding
the dust to propagate out to the interstellar medium with motion comparable to the wind speed of the


http://orcid.org/0000-0002-2806-9339
http://orcid.org/0009-0003-4158-4508
http://orcid.org/0000-0002-4660-7452
http://orcid.org/0000-0003-0778-0321
http://orcid.org/0000-0002-8092-980X
http://orcid.org/0000-0002-7762-3172
http://orcid.org/0000-0002-7167-1819
http://orcid.org/0000-0002-1115-6559
http://orcid.org/0000-0002-6851-5380
http://orcid.org/0000-0001-7515-2779
http://orcid.org/0000-0002-2106-0403
http://orcid.org/0000-0001-9315-8437
http://orcid.org/0000-0002-7648-9119
http://orcid.org/0000-0003-1495-2275
http://orcid.org/0000-0002-5449-6131
http://orcid.org/0000-0002-4333-9755
http://orcid.org/0000-0003-2595-9114
http://orcid.org/0000-0002-1131-3059
http://orcid.org/0000-0002-9213-0763
http://orcid.org/0000-0002-2090-9751
http://orcid.org/0000-0003-3890-3400
http://orcid.org/0000-0001-7673-4340
http://orcid.org/0000-0001-7026-6291
http://orcid.org/0000-0001-9754-2233
http://orcid.org/0009-0006-7054-0880
https://arxiv.org/abs/2505.11616v2

WC stars. In addition to these results, we observe unusual structures around WR 48a, which could
represent dusty clumps shaped by photoevaporation and wind ablation like young proplyd objects.
These results demonstrate that WC dust is indeed long-lived and should be accounted for in galactic
dust budgets.

Keywords: Wolf-Rayet stars (1806), WC stars (1793), Dust shells (414), Circumstellar dust (236),
Stellar winds (1636), Binary stars (154)

1. INTRODUCTION

Classical Wolf-Rayet stars are evolved massive stars that are undergoing core helium fusion and have lost their
hydrogen envelopes. These stars are relatively compact, have high effective temperatures, and drive fast, hot stellar
winds. The typical mass-loss rates are on the order of 107 Mg yr~!. The vast majority of the known classical
WR stars are of the spectral types WN or WC (K. A. van der Hucht 2001; C. K. Rosslowe & P. A. Crowther 2015),
characterized by prominent nitrogen or carbon emission lines respectively, although a few so-called WO-type stars are
known where the oxygen lines are more prominent than the carbon lines.

Most massive stars are found in multiple systems (H. Sana et al. 2012, 2014), where binary interactions are seen to
dominate the evolution, especially for shorter-period systems. Thus, it is reasonable to assume that many WR stars
are formed through mass transfer or loss in binary systems. A good example is WR 140, an exceptional binary system
consisting of a WCT7pd star with an O5.5fc companion (R. Fahed et al. 2011). The orbit is extremely eccentric (e=0.89;
J. D. Thomas et al. 2021) with a period of 7.93 yr. J. D. Thomas et al. (2021) found that the WR star likely was
stripped by the O star companion, showing that even in long-period systems, binary interactions can be important.

Dust around WC stars was first indicated by strong, often sudden variable infrared flux observed around several WC
stars by D. A. Allen et al. (1972). WR 137 and WR 140 were seen to be variable in the infrared by J. A. Hackwell
et al. (1976), and, following further observations, interpreted as the rapid formation of dust by P. M. Williams et al.
(1977), P. M. Williams et al. (1978), and P. M. Williams & E. Antonopoulou (1979). Following these discoveries, more
carbon-rich WR stars were found to have an infrared flux excess due to carbonaceous dust emission (e.g. A. C. Danks
et al. 1983). The presence of dust around late-type WC stars is now indicated by a suffix of ‘d’ being added to these
stars’ spectral type, which in turn relies both on spectral features and a spectral energy distribution. Time-series of
the WCd stars show that two types of dust makers exist, both persistent dust creators that create dust all the time like
WR 104, and episodic or periodic dust creators that show a burst of dust formation at certain times, often thought to
happen near a periastron passage of an eccentric binary (see P. M. Williams 1995, for a discussion on their properties).

P. G. Tuthill et al. (1999) demonstrated that the dust around the WC9 binary WR 104 was a nearly face-on spiral,
indicative of a circular binary orbit with dust being formed in the shock cone. Further analysis of this system revealed
a large spiral dust structure (P. G. Tuthill et al. 2008), while other studies quickly found large dust structures or spirals
around other WCd stars (e.g. J. D. Monnier et al. 1999). Direct imaging with JWST has dramatically enhanced our
understanding of these structures. Prior to its launch, the best images of WR 140 taken in the mid-IR showed two
concentric dust rings (P. M. Williams et al. 2009). The initial images of this system with MIRI showed at least 17
concentric rings (R. M. Lau et al. 2022), which has been well modeled geometrically with a brief interval of dust
formation near periastron passage every successive orbit (Y. Han et al. 2022). A second epoch of imaging showed that
the dust was propagating into the interstellar medium at a speed near the terminal wind speeds of the WC and O stars
(E. P. Lieb et al. 2025). Here we present the first systematic mid-IR imaging survey with JWST of dust structures
around four other important dust-producing WC binaries. We introduce our sample in Section 2 and present the
observational details in Section 3. In Section 4, we present the images and discuss the large-scale structures around
these stars. We discuss our finding and show that in the environment surrounding WR 48a, we find structures that
may be analogous to the Orion proplyds in Section 5. We conclude in Section 6 where we consider future goals with
these and future data.

2. THE SAMPLE

Our sample consists of four WCd stars that have been shown either to be in binary systems or to undergo periodic
dust creation. Here we outline the observational history for each of these systems. The target binary parameters are
given in Table 1. blue Some of our derived properties of the dust requires information on the distances to these systems



Target Spec. Period Distance Voo References (period)
Types () (kpc)  (kms™')

WR 48a WC8d+Oe ~ 32 3.840.6 19004200  P. M. Williams et al. (2012)
WR 112  WC8-9d+0B ~ 20 3.397080 12304260 R. M. Lau et al. (2020b)
WR 125  WC7d+O9III 28.1240.1  5.88%5712 2700 P. M. Williams et al. (1994)

I. Endo et al. (2022)
WR 137  WC7pd+09Ve  13.105+0.034 2.10751% 1700 4 100 N. St-Louis et al. (2020)

N. D. Richardson et al. (2024a)

WR 140 WC7pd + O5.5fc  7.93+£0.001  1.64753% 2860 R. Fahed et al. (2011)

J. D. Thomas et al. (2021)
R. M. Lau et al. (2022)

Table 1. WCd binaries in our sample and WR 140 for comparison. Listed references are for the spectral types and orbital
period, respectively. The same reference is used for both in the cases of WR 48a and WR 112. Distances and terminal velocities
are discussed in the text, with errors indicated when present in the referenced analyses. Periods are derived from IR photometry,
RV orbits and/or estimates from IR geometric rotation.

so we have added discussion of the distance estimates for each binary here in addition to the known properties about
the sample.

2.1. WR 4Sa

WR 48a has a ~32-year period/timescale for infrared outbursts and consists of a WC8 primary star with a companion
that may be either an Oe star (P. M. Williams et al. 2012) or a WN8h (S. A. Zhekov et al. 2014) star, although several
inconsistencies are present for a WN8h classification for the secondary (A.A.C. Sander, private communication). The
wind has not been well-modeled to date, but the width of the C III 5696 line is similar to that of WR 48-2 (S. A.
Zhekov et al. 2014), which shows a wind line width about ~ 10 — 20% greater than the same lines for WR 137 (B.
Davies et al. 2012). WR 137 (Section 2.4) has a terminal wind speed of 1700 & 100 km s~1, so we adopt a terminal
wind speed of 1900 & 200 km s~! for our analysis, which is a bit higher than the average terminal velocity for WCS8
stars observed by P. R. J. Eenens & P. M. Williams (1994), which was 1620 km s~!. P. M. Williams et al. (2012)
presented the long-term infrared light curve that was begun by A. C. Danks et al. (1983), P. M. Williams et al. (1987),
and P. M. Williams et al. (2003). The infrared light curve shows both a long-period orbital modulation on the ~ 32 yr
time-scale along with likely non-periodic mini-outbursts superimposed on the long-term variability. Previous imaging
of the dust was done by S. V. Marchenko & A. F. J. Moffat (2007), who used Gemini-South and TReCS at 12.7um
in 2004 March, showed that the structure resembled a spiral structure similar to other WCd binaries. The infrared
spectrum was measured with the ISO-SWS instrument, and showed features at 7.7um and 6.4 pm (P. M. Williams
et al. 2003; J. E. Chiar et al. 2002). The 6.4 um feature was shown to be due to carbonaceous dust around WR 137
by M. J. Peatt et al. (2023).

WR 48a is considered part of the nearby clusters Danks 1 (C 1310-624) and Danks 2 (C 1309-624) by A. C. Danks
et al. (1983, 1984). The membership and association was strengthened by J. S. Clark & J. M. Porter (2004) who
used mid-infrared data to show that there was triggered star formation in the vicinity of WR48a. XMM-Newton
observations revealed a highly luminous source at the location of WR 48a, which would make this system the most
X-ray luminous WR binary in the Galaxy given the distance to the Danks 1 and 2 clusters (S. A. Zhekov et al. 2011).
S. A. Zhekov et al. (2014) also estimated that the mass-loss rate of the source to be a fewx10~*Mgyr~! based on
thermal radio emission and assuming an unclumped wind. The distance to WR 48a can be inferred either through
the Gaia parallax or from membership in the Danks 1 and Danks 2 clusters. The Galactic WR catalog?® lists the
Gaia-derived distance as 3.627055 kpc based on the analysis of P. A. Crowther et al. (2023), which agrees well with
the cluster-derived distance of 3.8 + 0.6 kpc (B. Davies et al. 2012). For our analysis, we adopt the cluster distance.

25 The catalog is maintained at https://pacrowther.staff.shef.ac.uk/WRcat/ and was described by C. K. Rosslowe & P. A. Crowther (2015).



2.2. WR 112

WR 112 was revealed to have dust shells by S. V. Marchenko et al. (2002), with R. M. Lau et al. (2020b) finding
the system to have a ~ 20-year orbital period from measured proper motion of its dust shell in infrared imaging.
The companion star has not yet been clearly detected, although recent infrared spectroscopy is promising (H. Beier
et al. 2025). R. M. Lau et al. (2020b) also presented an optical spectrum that confirmed a WC8 spectral type and
a terminal wind speed of 12304260 km s~!. The source has been imaged in the infrared at multiple epochs between
2001 and 2019. These observations showed dust rings spaced with separations of ~1.5"” and exhibiting proper motion
over these epochs. R. M. Lau et al. (2020b) also found that the circumstellar dust around WR 112 is consistent with a
nearly edge-on spiral with a wide opening angle, indicating that the OB companion should have a fairly high mass-loss
rate. The edge-on geometry of WR 112 reconciled previous observations of highly variable non-thermal radio emission
(e.g., J. D. Monnier et al. 2002, 2007) that were inconsistent with a previously suggested face-on geometry, but were
consistent with an edge-on system (D. Eichler & V. Usov 1993; S. M. Dougherty et al. 2003). R. M. Lau et al. (2020b)
also were able to measure dust masses and the dust creation rate of 2.6ﬂ:g x 107 Mgyr~! for this system, which
is remarkably larger than that of the entire population of AGB and RSG stars in the LMC (~ 9 x 107" Mgyr~! as
measured by M. L. Boyer et al. 2012). X-ray observations from Chandra indicate an X-ray luminosity of about 1033
erg s~! (Monnier et al., in prep) The Gaia distance to WR 112 is not reliable for several reasons. G. Rate & P. A.
Crowther (2020) flagged this target for its negative parallax and large astrometric noise in Gaia DR2, and the EDR3
errors are extremely large (> 3kpc) with an expected distance of about 8 kpc (C. A. L. Bailer-Jones et al. 2021). The
study by R. M. Lau et al. (2020b) derived a distance of 3.39755) kpc which we use in our analysis.

2.3. WR 125

WR 125 is a near spectroscopic twin to WR, 140, consisting of a WC7 star and a O9III companion in a 28.12-yr orbit
(N. D. Richardson et al. 2024b). Its wind parameters have not been subjected to a full non-LTE model, but the He I
10830A line shows a terminal wind speed of ~ 2700 km s~* (P. R. J. Eenens & P. M. Williams 1994), although no error
was reported. This is similar to the terminal wind speed of WR 140 used recently by R. M. Lau et al. (2022) of 2860
km s~! based on the spectroscopic analysis of P. M. Williams & P. R. J. Eenens (1989). The system’s spectroscopic
similarities to WR 140 prompted P. M. Williams et al. (1992) to monitor the system with infrared photometry, and
an outburst of dust creation was observed beginning around 1990, which lasted for several years (P. M. Williams et al.
1992, 1994). The system was seen to brighten again in the infrared by the NEOWISE mission (P. M. Williams 2019),
prompting many new observations as the system should be near periastron during the infrared outbursts. The initial
X-ray observations from both Swift and XMM-Newton showed an X-ray luminosity of 10?3 erg s=! (T. Midooka et al.
2019), while ground-based infrared photometry helped define the orbital period (I. Endo et al. 2022; N. D. Richardson
et al. 2024b). The dust was observed spectroscopically both from the ground (I. Endo et al. 2022) and with airborne
observations on SOFIA (N. D. Richardson et al. 2024b). N. D. Richardson et al. (2024b) used both archival and new
optical spectroscopy to measure the first orbital elements of the system?®, finding a moderate eccentricity of 0.2940.12
and an orbital period of 28.12 years based on a phase-dispersion minimization of the infrared light curve. WR 125 is
the most distant object in our sample, with a Gaia distance (P. A. Crowther et al. 2023) of 5.887572 kpc that we use
in our analysis. The Gaia distance we use from P. A. Crowther et al. (2023) is comparable to the distance of 6.581527
kpc from the statistical analysis of C. A. L. Bailer-Jones et al. (2021).

24. WR 137

WR 137 was one of the first WR stars discovered (C. J. E. Wolf & G. Rayet 1867) and is spectroscopically similar
to both WR 140 and WR 125, although the WC component has a slightly lower terminal wind speed than either of
those systems. Its spectrum was modeled using the non-LTE code PoWR based on the spectrum across the ultraviolet
through near-infrared, along with interferometric constraints on the fractional flux in the H-band by N. D. Richardson
et al. (2016), who found the terminal wind speed to be 17004100 km s~!. As a binary system, it holds the distinction
of being one of only five WR binaries with a visually resolved orbit from interferometry (N. D. Richardson et al.
2024a). The eccentricity of the orbit is 0.3162 + 0.0023, with the orbit nearly edge-on (i = 97.138°). The dust
plume, reconstructed from JWST /NIRISS aperture masking interferometry (R. M. Lau et al. 2024) is narrow and is

26 The orbital elements were found with the assumption that the periastron passage happened at the mid-point between the start of dust
creation beginning as observed with NEOWISE (P. M. Williams 2019) and the peak of the K —band light curve (N. D. Richardson et al.
2024b)
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Figure 1. Data used for this study presented in a color-representation with the 7.7um filter in blue, the 15um filter in green,
and the 21um filter in red and a white circle overlaid on the saturated cores. The orientation of each image is north to the top
and east to the left, with coordinates centered on each star. For each image, we include a scale bar representing 25,000 AU at
the distance discussed in Section 2 and Table 1.

in agreement with the orbital geometry from N. D. Richardson et al. (2024a). The companion O9V star is an Oe star
with a fairly stable disk (N. St-Louis et al. 2020). The geometry of the Oe disk with respect to the orbital plane may
allow dust to condense through an interaction with the disk and outflowing WC wind, which likely partly explains
why the infrared light curve is not as strictly periodic as in WR 140 (M. J. Peatt et al. 2023). M. J. Peatt et al. (2023)
also found spectroscopic signatures of new dust formed during the most recent periastron using SOFIA observations.
N. D. Richardson et al. (2024a) discussed the implications of different distances for the system, and we adopt their

preferred distance of 2.1079:18 kpc.



Star Date 770W exposure 1500W exposure 2100W exposure
WR 48a 2024 July 16 1110 s 1110 s 4473 s
WR 112 2024 May 07 222 s 111s 1143 s
WR 125 2024 Aug 13 1110 s 2231 s 6715 s
WR 137 2024 Aug 05 1110 s 2231 s 4473 s

Table 2. Observation dates and exposure times.

3. OBSERVATIONS AND DATA REDUCTIONS

The imaging observations we present in this work were taken with JWST’s Mid-Infrared Instrument (MIRI; G. S.
Wright et al. 2015). The filters used for all sets of images were F770W, F1500W, and F2100W, which correspond to
wavelengths of 7.7 um, 15 um, and 21 wm, respectively; these IR filters are ideal for probing the thermal emission of
the dust in these systems. These images were taken during JWST Cycle 2 with program ID 4093 (PI: N. Richardson).
Each set of observations employed one set of 4-point dithers to improve PSF sampling, reduce detector artifacts, and
enhance contrast, and we tabulate the observation dates and total exposure times in Table 2.

The innermost shells are saturated in our images due to the extremely bright central cores. We reduced some of
the effects of this saturation by running our own Stage 2 images from the uncalibrated data, changing the calibration
parameters from the default pipeline to reduce the growth of saturated pixels. This step is crucial to the PSF
subtraction steps described below for finding a precise center point for our targets in each dither frame image so
that the center of the PSF model can be matched to the intersection point of the diffraction spikes through the
source. We re-ran our own Stage 1 and Stage 2 reductions from the uncalibrated data, using calwebb_detectorl and
calwebb_image2 from the jwst pipeline version 1.16.0 and CRDS context 1293. We updated the calibration parameters
from the default pipeline to reduce the growth of saturated pixels by making the following changes: skipping the first
frame step, setting the parameter suppress_one_group=False for the ramp _fit step, and setting n_pix_grow_sat=0
for the jump step. These changes allow the pipeline to make flux estimates even from pixels that saturated after only
a single read at the start of the ramp, which was the case for the very bright inner regions of all the binaries in our
sample. We found that the inner pixel measurements obtained in this way are sufficiently precise, and are preferable
to leaving those pixels as missing values even though flux estimates like these are intrinsically less precise than ramp
fits to unsaturated pixels. Once the new Stage 2 images were obtained, we suppressed contamination by the PSF
diffraction spikes and performed a background subtraction.

The MIRI PSF includes six bright diffraction spikes from the hexagonal primary mirror and two fainter spikes caused
by the secondary mirror support. At wavelengths below ~ 10pm, an additional four faint perpendicular spikes (denoted
as the “cruciform”) arise from internal scattering within the MIRI detectors (A. Gdspér et al. 2020; D. Dicken et al.
2024). We used WebbPSF (M. D. Perrin et al. 2012) to create our PSF model for each Stage 2 image in our sample (4
dither frames per filter per target yielding 48 images in total). We aligned this model to the centroid of our target
such that the diffraction spikes in the model match in pixel-space to the diffraction spikes in our images, and scaled
the model to meet the flux of its corresponding science image. The PSF model was then subtracted off of each Stage
2 image. For more details on the PSF subtraction pipeline, including the background subtraction methods, please see
E. P. Lieb et al. (2025). Finally, we created Stage 3 mosaic images for each system using calwebb_image3 from the
jwst pipeline.

4. LARGE-SCALE SPIRAL STRUCTURES AROUND THE SYSTEMS

In Fig. 1, we show the PSF-subtracted three-color images of our targets. In these systems, especially in WR 112, we
see that the PSF-subtraction left some residual diffraction spikes, especially in the bluest F770W filter. In all cases,
we see large, extended structures around the stars that can be described as repeated dust structures that are similar
to those observed with JWST around WR 140 (R. M. Lau et al. 2022; E. P. Lieb et al. 2025).

In the cases of WR 48a, WR 112, and WR 137, we can compare our JWST images to previously published images.
WR 48a was imaged with Gemini-S and T-ReCs (S. V. Marchenko & A. F. J. Moffat 2007), showing a dust structure
that is generally consistent with the nested dust rings seen in the JWST image. Our images of WR, 112 also exhibit
similar geometry to the images from the ground (e.g. R. M. Lau et al. 2020b), which indicated the orbital period to be
on the order of ~ 20 yr. Finally, reconstructed images from aperture masking interferometry by the NIRISS instrument
on JWST only show the central dust arc (R. M. Lau et al. 2024), but these qualitatively agree with the extended



101 o
20.0"
2
=3 G
] c
L)
a &
L) =
2 5 10°
s 0.0" I
£ 3
s} N
U ©
S E
=
-20.0"
10714
20.0" 0.0" ~20.0" 5 10 15 20 25 30
RA Offset (arcsec) Projected Distance from WR48a [arcsec]
-20.0"
- > 1]
_ —40.0 £ 10
2 5
] o
s 5
= i
£ -60.0" 3
o B0
[5) o
8 £
2
-80.0"
10—1_
80.0" 60.0" 40.0" 20.0" 5 10 15 20 25 30
RA Offset (arcsec) Projected Distance from WR112 [arcsec]

Figure 2. 21um images of WR 48a (top) and WR 112 (bottom). In the data image, we overplot radial lines from the central
binary outward which show the boundaries of the directions in which we integrated to give the radial plots shown on the right.
The number of apparent rings around the WC star gives a minimum lifetime of the dust. We show the first well-defined ring as
a vertical solid line, with the average distance to the next ring showed with each dashed vertical line. If the central star and dust
saturated in the image, we include vertical dotted lines at those locations or at farther out locations where the measurement
couldn’t be directly made but peaks may be present. We also include the average peak separation in Table 3 which are measured
from an average of all directions used where the dust is readily detected. We normalized this flux distribution extracted to be
~ 1 near the center of the plot for the normalized flux density

emission seen with HST/NICMOS (S. V. Marchenko et al. 1999). The resolved dust plume from JWST /NIRISS was
consistent with dust formation happening in the orbital plane of the WC and Oe binary that was resolved by N. D.
Richardson et al. (2024a).

To determine the lifetime of the dust clouds around the WCd stars, we extracted flux profiles in conical/radial
directions from the binary. We show these in Figs. 2 and 3. From each image, we then counted the number of
rings observed, and under the assumption that each ring corresponds to a single orbit of the binary, we were able to
determine the extent of the furthermost dust ring and the time of ejection. These minimum “dust detection times”
are given in Table 3. For WR 125, we only extract in one direction as it only shows dust in a short range of azimuth.
This is consistent with dust condensation occurring for only a relatively short portion of the binary orbit, ~ 2.7 yrs
(P. M. Williams et al. 1994; N. D. Richardson et al. 2024Db), of its 28.1-yr orbit.

In most of these radial plots, we see a general agreement in different azimuthal directions. In the case of WR, 137,
where we know the most about the dust formation in relation to its orbit, this is easiest to understand as we know that
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Figure 3. 21pm images of WR 125 (top) and WR 137 (bottom) in a similar format as to those of WR 48a and WR 112 in
Fig. 2.

the dust forms in a fairly quick burst near periastron. Based on the infrared light curve recently presented by M. J.
Peatt et al. (2023) and the visual orbit from N. D. Richardson et al. (2024a), we see that the plume starts to form
as the stars are near a quadrature in their orbit, with dust production continuing until after the conjunction in the
orbit. The result is that we see dust emanating in both directions along the nearly edge-on orbital plane. Conversely
the dust spirals around WR 48a likely have an inclination closer to 60° from our line of sight, but the orbital period is
much longer with continuous dust production (P. M. Williams et al. 2012) across the orbit. This results in the radial
plots showing maxima in one direction but a minimum at the same distance in the opposite direction as the stars move
halfway around their orbits in between the times when the dust peaks form.

In addition to estimating the dust detection times for these systems, we can measure the proper motion of the dust
and compare the projected velocities, which depend on the adopted distances to the stars, with the terminal velocities
of the WR winds. E. P. Lieb et al. (2025) used multi-epoch imaging of WR 140 to directly measure the proper motion
of the dust and found that the dust is moving out to the interstellar medium at roughly the same velocity as the stellar
wind. Prior to this, R. M. Lau et al. (2022) found that by using the shell separations, the distance to the star, and
the orbital period, that the dust was moving at ~ 2600 km s~! compared to the terminal wind speed of v, = 2860
km s~! (P. M. Williams & P. R. J. Eenens 1989). We carried out the same analysis for our targets, using distance
estimates discussed in Section 2. The results are tabulated in Table 3 with the average spacing of the shells indicated
in Figs. 2 and 3.



Star Nrings  Tdust detected Ring Spacing Proper Motion Udust Voo
(years) @ (" /century)  (kms™') (kms™')
WR 48a 10 320 2.73 8.53 1550 1900 =+ 200
WR 112 18 360 1.42 7.10 1150 1230 + 260
WR 125 7 196 2.40 8.53 2400 2700
WR 137 10 131 2.46 18.77 1700 1700 £ 100
WR 140 17 135 2.67 39.0 2600 2860

Table 3. Measured dust rings around our sample and inferred properties with the ring spacing based on averages in multiple
directions. We estimate the error on our dust-ring spacing to be ~0.3”. For comparison, we show the directly measured proper
motion for WR 140 as reported by E. P. Lieb et al. (2025). We also include our estimated velocity of the dust and the terminal
wind speeds (Table 1).

5. DISCUSSION

JWST has revealed large-scale dust structures around five Galactic WCd binaries, including WR 140 (R. M. Lau
et al. 2022; E. P. Lieb et al. 2025) and the four systems presented here. In this presentation of the data taken with MIRI
for WR 48a, WR 112, WR 125, and WR 137, along with the previously published data of WR 140, we can conclude
that dust must be long-lived around these systems. The lack of dust seen at larger distances from the central binaries
in this study is limited more by the sensitivity of the observations than by an absence of dust as the radial profiles show
a decline to nearly the background level around these stars, where any dust contribution has a signal-to-noise near
~ 2. Furthermore, the decline in the dust emission is likely a temperature effect as the temperature of an amorphous
carbon grain in radiative equilibrium with a hot star at distance r falls off as T oc =04 P. M. Williams et al. (1987).

In all five systems, the lifetime of the dust as it approaches the interstellar medium is seen to be over 100 years.
Such detection/survival times without any noticeable deceleration from ISM interactions may imply that these binaries
are an important factor in the dust budget of star-forming galaxies. We note that N. D. Richardson et al. (2024b)
determined that the recent dust creation episode for WR 125 created 1.5x 10750, of dust over the three-year outburst.
If the same amount is created every periastron, then the MIRI observations here would imply about 107° M, of WC
dust in the image. We also note that WR 125, having one of the largest distances and only exhibiting a short
time-period of dust creation near periastron, is likely the binary in our sample that produces the least amount of dust.

Dust survivability around WCd binaries may be of cosmological importance. R. M. Lau et al. (2020a) examined
dust production from supernovae, WCd binaries, and AGB stars in stellar populations. At lower metallicity, like in
the LMC, AGB stars only produce 2-3 times more dust than WCd stars, where AGB stars are often considered the
biggest contributors for the dust budget, although this dust moves into the ISM with speeds two orders of magnitude
slower than the WCd dust around these systems. In a population more like the Galaxy with solar metallicity, WCd
binaries are the dominant source of dust until 60 Myr after star formation ceases and AGB stars begin producing
dust. The long-term survivability of this dust around these systems observed here exemplifies the importance of these
systems.

We observe isomorphic concentric structures in all cases. Only one of the four systems has a well-established orbit,
namely WR, 137 (N. D. Richardson et al. 2024a). The only other system in our sample with a published orbit is WR
125 (N. D. Richardson et al. 2024b), which has a period based on dust outbursts. The close-in geometry of WR, 112
led R. M. Lau et al. (2020b) to infer a period for the system of ~ 20 years. The ~ 32 yr period for WR 48a is only
the interval between two photometrically observed maxima (P. M. Williams et al. 2012). In order to demonstrate that
the events are indeed periodic, we would require further photometric monitoring covering additional maxima, which
would take ~a century for the timescales inferred already. The discovery of the concentric rings in this study (Figs. 1
and 2) extending from WR 48a demonstrates that the infrared maxima occurred regularly in the past and that the
~32 year interval is indeed a periodic phenomenon tied to its binary orbit. This same logic also applies to WR, 112
and WR 125. The periodic behavior of WR, 137 is well established (e.g. M. J. Peatt et al. 2023) and the rings confirm
this here, along with the edge-on nature seen previously (R. M. Lau et al. 2024).

Our sample has the advantage that each target has at least an estimate of its orbital period, as shown in Table 1.
In each image, we were able to measure an average ring spacing for the concentric rings using Gaussian fits for each
identified peak in Figs. 2 and 3. Thus, our measured average peak separation for the concentric rings, along with the
distances and orbital period given in Table 1, provide a means to estimate the proper motion of the dust shells, which
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Figure 4. Potential proplyds or dusty clumps being sculpted by the radiation field from WR 48a shown in the 21pum data.
Positions are relative to WR, 48a, with north being up and east to the left. The white arrows indicate the radial vector to
WR 48a. The top right panel includes two potential proplyds while the other panels each include one. The separations of the
proplyds are 15.5” (upper left), 46.5" (upper middle), 20.3 and 24.8"” (upper right), 36.6" (lower left) and 33.1” (lower middle).
We note that at the distance of this cluster, a projected separation of 1” is equivalent to 0.18 pc in the plane of the sky.

was also done for WR 140 by R. M. Lau et al. (2022). WR 48a then has a proper motion of the dust shells of ~ 1600
km s—!, comparable to the average terminal wind speeds of WCS stars found by P. R. J. Eenens & P. M. Williams
(1994). WR 112’s dust is propagating with a speed of ~1150 km s~1, nearly identical but not as fast as the measured
terminal wind speed of 1230 km s~% (R. M. Lau et al. 2020b). WR 125 has a distance of 6.58 kpc according to recent
Gaia results, implying its dust is moving with a speed of 2650 km s~!, comparable to the terminal wind speed of the
system (P. R. J. Eenens & P. M. Williams 1994). Finally, we also find that the dust around WR 137 must be moving
at a comparable speed to the wind’s terminal velocity, 1700 km s~!. As WR 140 shows a similar trend in single epoch
measurements of the shells and implied proper motion (R. M. Lau et al. 2022; E. P. Lieb et al. 2025), we conclude
that dust is propagating to the interstellar medium with speeds approximately equal to the terminal wind speed for all
of our target binaries, which should be similar for all WCd binaries. This is consistent with the 3D models of stellar
winds (N. Moens et al. 2022) that show clumpy material moving at slower speeds than the stellar winds. Given our
dust velocities have errors that likely propagate to at least 4100 km s~ !, this likely implies the dust is moving slightly
slower than the terminal wind speeds of the stars.

Around two of our targets, namely WR, 125 and WR, 137, we see large diffuse components of the interstellar medium
colored red in Fig. 1. These clouds are likely just dust in the Galactic Plane, and not necessarily near the WC binaries.
If they were reflection nebulae seen near the star, they would likely appear much bluer as the stars emit more light at
shorter wavelengths. The presence of these clouds do not impede our ability to detect the circumbinary dust structures
around the systems. Our measurements and estimates of the proper motions of the dust show that the dust seems to
propagate out to the interstellar medium with a velocity comparable to the terminal wind speeds of these systems.
The ISM around WR 125 has been mapped in the radio and IR by E. M. Arnal & I. F. Mirabel (1991), who used the
IRAS HCONI1 images to detect a bright and extended infrared source at 60 and 100 wm coincident with the WR star.
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The extended emission seen in our 21-pm image (Figs. 1 and 3) may be associated with the detection of the ISM by
E. M. Arnal & 1. F. Mirabel (1991). Similarly, the diffuse structure around WR, 137 could be associated with Cyg
OBL1.

WR 48a resides in the region near the clusters Danks 1 (C 1310-624) and Danks 2 (C 1309-624) (A. C. Danks et al.
1983, 1984). The JWST image of WR 48a shows, on close inspection (Fig. 4), six objects that resemble the proplyds
in the Orion nebula (L. Ricci et al. 2008). Five of the six objects show evidence of photoevaporated and wind-ablated
tails (W. J. Henney et al. 1996) pointing radially away from WR 48a. Such objects are not seen in the environments
surrounding the other WR targets, their appearance here may be due to the denser circumstellar environment around
the Danks 1 and Danks 2 clusters in the vicinity of WR 48a. We are planning a full analysis and study of these objects
including mass estimates and spectral indices (Han et al., in prep.).

The light curve of WR 48a (P. M. Williams et al. 2012) shows a long-term trend that presumably peaks near
periastron as is the case for WR 140 (P. M. Williams et al. 2009), WR 137 (M. J. Peatt et al. 2023), and WR 125
(N. D. Richardson et al. 2024b). Superimposed on this long-term trend are small-amplitude flux increases at random
times between the large maxima. These proplyd-shaped clumps could represent large clumps of dusty material ejected
from the central binary during these mini-outbursts. On the other hand, they could mark sites of low-mass star
formation as seen in Orion. One test of these hypotheses would be to observe WR 48a with JWST and MIRI again.
Then, if they are clumps, they would be moving away from the system where photoevaporation could help sculpt these
clumps to show their current geometry.

6. FUTURE WORK

This paper presents our new data on WCd binaries taken with JWST and MIRI, with an introduction to the data
and some immediate results. In our future work on these objects, we will study the temperature, dust grain sizes,
and mass distributions around these stars while also examining the clumpy structures in the rings. These systems
can be used to understand how the geometric structures relate to the orbital geometry. We also plan to compare
the imaging to contemporaneous ground-based near-infrared imaging of all of these systems allowing us to study the
evolution of the dust geometry from the inner-most to outer-most shells. Future imaging of the systems with JWST
will provide direct measurements of the proper motions of the dust and could determine whether the proplyd-like
structures near WR 48a are forming stars or are low-density ejected clumps from the WR wind. Spectroscopy of
the dusty structures with JWST can constrain models of how the dust changes with time along and illuminate the
evolution of the molecular precursors of the dust. Further investigations with sub-mm arrays like ALMA should be
able to probe the coolest dust at larger distances than what JWST can observe.
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