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Targets

WR 124 
Spectral type: WN8h 
Distance :      6.4 kpc 
Log M :    -4.3 M̥ yr-1 
v∞:              710 km s-1 

M1-67 
Angular size:     ~4’.3

.

WR 40 
Spectral type: WN8h 
Distance :      3.8 kpc 
Log M :    -4.2 M̥ yr-1 
v∞:              650 km s-1 

RCW 58 
Angular size:    ~9’x8’

.

We presented an analysis of the dust properties of the 
WR nebulae M1-67 and RCW 58 around WR 124 and 
WR 40, respectively. Upper panels of the Fig. 1 and Fig. 
2 show multi-frequency images of these two nebulae.

Fig 1. M1-67. Top: Color-composite IR 
image. North is up, east is left. 
Bot tom: Schemat ic v iew of the 
distribution of gas (Z1, Z2, Z4) and dust 
(Z3) in our model (see [3]).
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Fig. 1. Colour-composite IR images of our sample of WR nebulae. Red, green and blue correspond to 70, 22 and 12μm emission, respectively. White circles show the positions of the 
progenitor WR stars. North is up, east to the left.

We study the IR emission of a sample Wolf-Rayet (WR) nebulae to characterize the 
distribution and physical properties of circumstellar dust around evolved massive stars. 
This work uses high quality observations from IR space telescopes together with self-
consistent models made with the photoionization code Cloudy. 

Objetives

We obtained public IR observations from NASA/IPAC infrared Science Archive (IRSA). The 
data correspond to WISE, Spitzer (MIPS) and Herschel (PACS & SPIRE) telescopes for the 
NGC2359 (WR7) and M1-67 (WR124) WR nebulae, and the nebula around WR16. The 
combined data cover the 12 to 500μm wavelength range. Figure 1 shows multi-frequency 
images of the three selected nebulae. 

Observations

Photometry: We extracted 9uxes from each wavelength image for each nebula. The 
nebular 9ux was corrected by subtracting the background 9ux obtained from a region 
without nebular emission or background stars. A color correction was applied according to 
the manuals of each telescope. Figure 2 shows the normalized results of the photometry 
obtained for each nebula. Note that for WR 16 only upper limits could be obtained for λ > 
100μm.

Models: We used the photoionization code Cloudy [1] to calculate the combined dust 
and gas emission from model nebulae (see also [5]). For the stellar 9ux we include the 
PoWR stellar atmosphere models calculated by the Potsdam group [3]. We considered a 
power-law density pro>le, n/n0 = (R0/r)

2 . The dust was assumed to be composed purely of 

silicates with a distribution of sizes typical of an HII region (0.05 - 0.25μm), together with a 
single-size large grain population. Other adopted parameters are given in Table 1.

 

M1-67: We adopted a stellar atmosphere model consistent with a WN8 spectral type. We 
took nebular parameters n0 = 1500cm⁻³ [4], R0=0.67pc and outer radius 1.2pc [6]. The 

abundances were modi>ed according to [2] (O decreased and N increased compared to 
standard HII region) and a >lling factor of 0.05 was assumed [4]. In order to reproduce the 
longer wavelength emission it was necessary to add a population of large grains of size 
1μm in proportion 1:15 (small:large).
The transmitted continuum 9ux output from the model was processed with the telescope 
response function assuming a distance of 3.36kpc.
The results are shown in >gure 3 for our >nal model, with the two dust populations and gas 
contributions indicated separately. 

Fig. 3. SED of M1-67 and its best >t model together with the residuals. 
The orange line shows the gas contribution. Blue and green lines show 
the contributions due to small grains and big grains, respectively.  

• The model gas+dust emission reproduces the IR 
photometry over a wide wavelength range.
• Ionized gas emission is important at 12μm and 500μm.

• The model predicts a nebular ionized gas mass of       
Mion = 7.54M

⊙
, consistent with the expected mass-loss 

history of the central star. 
• Our model predicts [NII]122μm/[NII]205μm = 7.9 

(observed value: 6.9 [6]). 
• Our model predicts F(H) = 1.2  10⁻⁹ ergs cm⁻² s⁻¹ 
(observed value: 2.3 10⁻¹⁰ ergs cm⁻² s⁻¹).

Results (M1-67)
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Fig. 2.  Spectral energy distribution (SED) of the three sample WR nebulae. 

Nebula (WR) Spectral 
Type

Log L [L⊙] d [kpc] R [pc]

M1-67 (124) WN8h 5.18 3.36 1.2

(16) WN8h 6.15 2.37 3

NGC 2359 (7) WN4 6.08 5 5.1

Table 1. Parameters 
of stars and nebulae 
in our sample.
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Figure 3. Color-composite IR images of RCW 58. The left, middle and right panels correspond to WISE,Herschel PACS and SPIRE observations, respectively.
The selected regions for study in RCW 58 are indicated with cyan polygonal shapes (RC and LC). Background regions are represented by (yellow) dashed-line
circular apertures. The position of the central star, WR 40, is indicated in the centre of each panel by a (white) circular region. All images have same the Field
of View (FoV). North is up and East is to the left.

Figure 4. SED obtained from the IR and ATCA observations of RCW 58: blue dots and red dots are from RC and LC regions, respectively. The error bars were
obtained from the instrument calibration and background subtraction process. The synthetic SED data points, obtained from our best models of RC (R 6-13 and
R 6-14) and LC (L 6-13 and L 6-14), are represented by triangles.

where g = )B/)e and )e is the electron temperature. Finally, the
electron density, =e, can be expressed as

=e =
p

EM/⇡ , (5)

where ⇡ is the depth of the nebular material in pc along the line of
sight. We assumed that the line-of-sight depth of each clump is the
same as its diameter, ⇡. The resultant =e values obtained for each
clump represent the average electron densities and are illustrated
in the lower panel of Figure 5 as a function of position angle and
distance from the central star. We also estimated the peak =e for
each circular region by adopting the major axis of the beam as the
diameter (and depth) of each clump. The peak =e values are shown
in the upper panel of Figure 5.

From Figure 5 we see that the range of values for both the average
and peak electron densities is between 10 and 60 cm�3. The highest
values are found for position angles \ = 45� ± 15� (regions R10,
R11 and R12) and \ = 245� ± 15� (regions R01 and R02), which
are almost exactly diametrically opposed. Clump R01 is contained
within the RC region described in § 2.2. For comparison, we note
that an upper limit of < 100 cm�3 was found by Esteban et al. (2016)
using the [O ��] 3726,3729 Å doublet.

MNRAS 000, 1–?? (2021)

Fig 2. RCW 58. Top: Color-composite IR image. 
Cyan polygonal shapes indicate the selected 
regions for study (LC and RC). North is up, east 
is left. Bottom: Schematic view of the gas and 
dust distribution in the LC and RC clumps, on 
which our models are based (see  [4]).

Models

Observational constraints

The photoionization code Cloudy [1] allows us to 
treat the interaction between the UV flux from 
the central star and the nebular gas and dust 
consistently. For the spectrum of the central stars 
we used PoWR stellar atmosphere models [2] 
(see Fig. 3). Cloudy also needs the density 
profiles of nebular material and the dust grains 
properties. In our models we include only 
spherical silicate grains.

1. We used the shape and flux of the IR 
spectral energy distribution (SED) to fit dust 
emission from our model. The IR  SED was 
built from data corresponding to Spitzer, 
WISE and Herschel (and ATCA to the RCW 
58 case) observations. 

2. In order to calibrate the quantity of ionized 
gas we used the H! and H" emission line 
fluxes and/or radio observations.

Dust characteristics and 
spatial distribution

Multi-layer models were required to reproduce 
observational SED of M 1-67 and RCW 58 (see 
Fig. 4 and Fig. 5). A global model of RCW 58 is 
hampered by the extended background emission. 
For this reason, regions RC and LC have been 
modeled as representative of the properties of 
the ring nebula. 

Schematic view of our models is shown in bottom 
panel of Fig. 1 and Fig. 2. From our models (see 
[3] and [4] for more detail): 
1. We need an inner layer of pure gas and a 

dusty outer layer. 
2. The dusty layer has two populations of dust, 

small (0.002 #m ≤ a ≤ 0.05 #m ) and big (0.6 
#m ≤ a ≤ 0.9 #m ) grains. 

Single or binary origin?

The maximum grain size of 0.9 #m supports an eruptive formation [5] for 
M 1-67 and RCW 58. This is because mass-loss rates above Ṁ>10-3 Mɜ yr-1 
are required to shield the dust-formation region from stellar UV photons.  

We estimated an initial mass for WR 124 and WR 40 (nebular mass calculated 
+ current mass) around 40 M̥, this rules out the possibility that the WR star 
had a LBV phase. On the other hand, the morphology and the dynamics of 
each nebula  allows us to suggest dust formation through a CE ejection.

Clumping ring-like 
expanding structure at   

30-87 km s-1

Dynamics 
(Sirianni et al. 1998, 

Smith et al. 1988)

Morphology Bipolar  
nebula

Torus pole-on  
nebula

Ballistic clumps moving at  
~ 46 km s-1

M1-67 RCW 58

Fig 6. Illustration of a binary system 
evolution leading to a tighter binary and 
eventual CE ejection.

CE evolution can lead to the ejection of the common envelope and a tighter 
binary (see Fig 6) [6]. Additionally, the presence of a compact object of WR 
124 and  WR 40 can be rule out because their dense stellar wind.
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Fig 3. Comparison between black body (Teff=28.8 kK) emission 
and PoWR stellar atmosphere models. Solid red line: WNL 
06-14  model (Teff=28.8 kK) and; dashed green line: WNL 06-13 
(Teff=32.1 kK).

CE ejection

CE

Outline 
Some late-type WNh Wolf-Rayet (WR) stars are 
surrounded by clumpy or irregular ejecta nebulae, 
suggesting a violent mass-loss episode as their 
origin. The study of WR nebulae properties can 
provide information of the mass-loss history of 
massive stars in the late stages of their evolution. 
The WNh stars are WR N-rich stars characterized 
by H emission lines. In particular, we are looking 
at the evolution of the dust properties in WR 
nebulae around WN8h stars in order to 
understand the post-main sequence evolution of 
these stars.

Fig 5. SED obtained from IR and ATCA observations of RCW 58: black and red 
diamonds correspond to RC and LC regions, respectively. The synthetic SED data 
points, obtained from best models of RC (R6-13) and LC (L6-13), are shown by triangles.
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Fig 4. Observational SED of M1-67: black dots. The 
synthetic  SED obtained from our model, MC 6-14: 
empty red diamonds.
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We propose M1-67 and RCW 58, together with, their 
progenitor stars, as the first observational evidences of  
post-CE evolution in nebulae around massive stars.

To take home


