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ABSTRACT

A number of Wolf-Rayet (WR) stars in binary systems show significant dust production, either as

continuous spirals of dust or dramatic concentric arcs. This dust production is believed to be a product

of the colliding winds of the binary, and much work is being done to understand the exact mechanisms

of dust formation in these systems. Unbroken spirals point to continuous dust production and are

understood to be related to systems with very circular orbits, as in the ‘pinwheel nebula’ WR104.

Concentric arcs are believed to be found in systems with high eccentricity orbits, as in WR140. We

study the dust formation in the case of both continuous and episodic dust producing WR binaries,

taking WR104 and WR140 as the canonical examples of these systems. We focus on the chemical

pathways available for dust formation, developing a 1D model describing the dynamics of the gas

in the wind collision region and coupling these results with a chemical-kinetic dust formation code.

Our 1D results are informed by snapshots of a 3D Arepo hydrodynamic simulation of the binary.

Preliminary results are presented, where we find that gas of pure WR star abundances rapidly forms

a large amount of amorphous carbon dust, with a small amount of silicates able to form at much later

times. A gas of pure OB star abundances forms no such carbon dust, and instead forms multiple

species of silicates. The formation of dust in the pure OB case is found to occur at distances much

too large to agree with observations, indicating that some amount of mixing is necessary to reproduce

the observed dust formation. Continuing work on this project includes running our dust production

models for the case of fully mixed WR and OB gas, and determining the dust mass produced in all

cases.

1. INTRODUCTION

Wolf-Rayet (WR) stars are an observational category,

describing stars whose spectra show very broad emis-

sion lines and a distinct lack of H features (White and

Tuthill 2024). Many WR are massive stars entering the

end phases of their lives and stripping their H enve-

lope, either via strong line-driven winds or due to mass

transfer onto a companion (Shenar et al. 2020). These

massive stars are extremely luminous and hot, with ef-

fective temperatures in the range of 20-30 K, driving

powerful winds with speeds ∼ 1000s km/s. These winds

cause continuous mass loss, with rates on the order of

10−8 − 10−6M⊙/yr (Crowther 2007). WR are typically

found as part of binary systems, with at least 50% of

WR having an OB companion (Shenar et al. 2020). The

strong radiation and winds of two massive stars would

seem to provide ideal conditions to completely inhibit

dust formation, however, we see considerable dust pro-
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duction occurring in many WR binary systems, detected

by a constant or episodic excess infrared flux (Gehrz

and Hackwell 1974; Williams et al. 1987). Dust forma-

tion is typically seen in the cooler and carbon-rich WR

classes (WC), where they are estimated to produce large

amounts of carbon rich dust, Ṁd 10−10 − 10−6M⊙yr
−1

(Zubko 1998).

This dust production can be explained by shocks gen-

erated by the wind collision region between the two

stars, and these systems are known as Colliding Wind

Binaries (CWB). The geometries and orbital parameters

of the systems determine when and where dust is able

to form. CWBs with more circular orbits are seen to

produce dust continuously, with the canonical example

being WR104, or the Pinwheel Nebula (Kato et al. 2002;

Soulain et al. 2018). Those systems with a more eccen-

tric orbit produce dust only periodically, when the stars

are near periastron. The prototypical example of these

periodic dust producers is WR140 (Williams et al. 1990;

Lau et al. 2023). Dust formation thus appears to depend

on the separation distance between the stars, and obser-
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vations indicate that dust forms relatively close to the

companions, typically ∼ 10s of AU (Lau et al. 2020).

Dust formation occurring in these regions, which would

still be subject to the strong radiation from both stars,

requires that there be both strong density compression

in the colliding wind shocks, and strong radiative cool-

ing. The initial formation mechanisms for this dust are

not well understood, and the known dust-producing WR

binaries are located at distances from ∼ 1-10 kpc (Ross-

lowe and Crowther 2015) meaning that resolution of the

innermost wind collision region is impossible, necessitat-

ing simulation and modeling to understand the nascent

dust formation.

A description of the dynamical processes allowing for

dust production is an important aspect of understand-

ing the early formation, but it must be considered along

with the chemical pathways allowing for the nucleation

of dust grain precursors from the gas phase. Observa-

tions indicate that the primary component of WC dust

is best fit by amorphous carbon (AC) grains (Williams

et al. 1987; Williams 1997), and indeed early modeling

of dust nucleation indicated that AC grains form readily

in these systems while silicate grains struggle to form,

likely due to the H deficient environment of a stripped

envelope star (Cherchneff et al. 2000). This work will

build on studies of the dynamical processes required for

dust formation in WR binaries, such as Eatson et al.

(2022); Harries et al. (2004) as well as work on the chem-

ical formation scenarios in Cherchneff et al. (2000). We

will use two systems as ‘canonical’ examples of episodic

vs continuous dust producers: WR140 and WR104.For

this initial study, we consider a 1D model which is de-

scribed in section 2. We describe the dust precursor

formation pathways followed by our results in section 3

and discussion in 4.

2. METHODOLOGY

2.1. Wind Collision Region

Figure 1 shows a schematic of the structures in a WR

binary system. The two strong stellar winds of the WR

and its OB companion are accelerated to their terminal

velocities of order a few × 1e3 km/s. These winds will

interact and form two opposite-facing shocks separated

by a contact discontinuity. The location of this inter-

action depends on the orbital parameters of the system

and the wind momentum ratio, η. This ratio is defined

as:

η =
ṀOBv

∞
OB

ṀWRv∞WR

(1)

While the winds from the OB companion are typically

faster, the greater mass loss of the WRmeans that in our

systems of interest η is very small, thus the WR winds

Figure 1. Schematic of the colliding winds. The contact
discontinuity (dashed line) is curved towards the star with
the weaker wind, as are the shocks (solid lines). The stars
are separated by a distance dsep, and the distance from each
star to the contact are rWR and rOB .

dominate. Using this momentum ratio and assuming

that both stellar winds are spherical and isotropic, we

can then use the ram pressure balance condition to de-

termine where the winds will meet and form the contact

discontinuity (CD). The interaction location is described

in term of rOB and rWR, the distances from the OB and

WR stars respectively, to this wind collision region:

rOB =
η1/2

1 + η1/2
dsep rWR =

1

1 + η1/2
dsep

Where dsep is the separation distance between the

stars. This formalism assumes that the winds emerge

from stationary points, which is of course not strictly

the case as the stars are in orbit around each other.

However, we can neglect the orbital motion because the

orbital velocity is many times smaller than the wind ve-

locity. Following Stevens et al. (1992), and taking WR

140 as an example, we can estimate the orbital velocity

vorb in [km/s] as vorb ∼ 210[(M1 + M2)/Porb]
1/3, tak-

ing the stellar masses in M⊙ and Porb in days. For WR

140, the orbital velocity is ∼ 50 km/s, multiple orders

of magnitude smaller than the wind velocities.
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System Parameter Source

WR 140

P 2895 days Thomas et al. (2021)

e 0.899 Thomas et al. (2021)

a 13.55 AU Thomas et al. (2021)

rperi 1.3 Williams (2011)

WR 104

P 241.5 days Tuthill et al. (2008)

e 0.06 Tuthill et al. (2008)

a 2.34 AU Lamberts et al. (2012)

rperi 2.19 AU

Table 1. Orbital parameters adopted here for WR140 and
WR104.

To determine the the location of the contact disconti-

nuity for our specific systems of interest, we adopt the

values given in Table 1.

It is within this interaction region that the gas can be

compressed and cooled by the shocks to reach conditions

allowing for dust formation. This is true if the shocks

are radiative rather than adiabatic. To determine in

which situations this is the case, we can examine how

the cooling time of the gas, tcool compares to how long

it takes the gas to move out of the shocked flow, the

escape time tesc. For an order of magnitude estimation,

one can approximate the cooling time as:

tcool ∝
kTs

nΛ(Ts)
(2)

Where Ts is the temperature of the shocked wind, n is

the number density of the gas, and Λ(Ts) is the value

of the cooling function at this temperature. We can

approximate Λ(Ts) as a locally constant value, as the

shock temperatures in CWBs occur near a plateau in the

cooling function, visible in Figure 2. One then defines

an escape time, using the distance from the star to the

contact discontinuity, dc and the speed of sound in the

post-shock gas, cs:

tesc ∝
dc
cs

(3)

We then define a parameter χ:

χ =
tcool
tesc

≈ v48d12

Ṁ−7

(4)

Where v8 is the wind velocity in units of 1000 km s−1,

d12 is the distance to the contact discontinuity in units

of 107 km, and Ṁ−7 is the mass loss rate in units of

10−7M⊙ yr−1

Parkin and Pittard (2008) shows that in hydrody-

namic simulations, shocks behave adiabatically if χ ≳ 3

and radiatively if χ ≲ 3. For our cases, we find that WR

104 has χ ∼ 0.9 and WR 140 at perihelion has χ ∼ 2,

compared to WR 140 at aphelion with χ ∼ 30. Thus,

we expect the shocks to behave radiatively for WR104

throughout its orbit, and for WR140 near and during

periastron. A description of the shock jump conditions,

and our methodology for modeling the post-shock flow

follows.

2.2. Evolution of Shocked Gas

As we are mainly interested in the region of shocked

gas between the two stars, we briefly review here the

jump conditions for a radiative shock, which will form

the backdrop of our further analysis.

2.2.1. Jump Conditions

The conditions behind a radiative shock front are

largely described by the Rankine-Hugoniot jump condi-

tions, with only a change to the energy equation as the

downstream gas is allowed to cool and radiate energy

away. The jump conditions are given here in 1D, with

ρ0, u0, P0 as the pre-shock gas conditions, and ρs, us, Ps

for the post-shock gas.

ρ0u0 = ρsus (5)

ρ0u
2
0 + P0 = ρsu

2
s + Ps (6)

ρ0u0
dϵ

dx
+ P

du0

dx
= −ρsL (7)

Here L is the cooling function in units of energy per unit

mass per unit time.

To describe the evolution of the shocked and cooling

gas in the wind interaction region, we follow Sarangi and

Slavin (2022), solving the 1D shock equations and using

the formalism of Shull and Draine (1987); Dopita and

Sutherland (2003). Accounting for the radiative losses

in the energy equation, we describe the evolution of the

temperature and density behind the shock in terms of

the cooling rate, η(T ):

dρ

dt
=

ρη(T )

ρ0v2s

(
5

2
− 4

ρ0
ρ

)−1

(8)

T

T0
= (1 +M2)

ρ0
ρ

−M2 ρ
2
0

ρ2
(9)

where M is the isobaric mach number:

M2 =
ρ0v

2
s

P0
(10)

The cooling rate, η(T ) in [ergs cm−3 s−1] is found as:
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η(T ) = ne

∑
i

niΛi(T ) (11)

ne =
∑
i

∑
l

lfi,lni (12)

Λz =

∑
i niΛi∑
i ni

(13)

where fi,l(T ) is the fractional ionization of a given ele-

ment i in the gas at a temperature T and ionization state

l. ni is the number density of that element in the gas,

and ne is the electron number density. The cooling func-

tion, Λ(T ) in [ergs cm3 s−1], is calculated using CLOUDY

(Ferland et al. 2013) for each constituent element in the

gas. We consider here three cases: 1. A gas composed of

solely WR elemental abundances, 2. A gas of solely OB

elemental abundances and 3. A gas composed of fully

mixed WR and OB gas abundances. These abundances

are listed in Table 2. The pure WR gas case acts as

an ‘upper bound’ on the amount of cooling, as it is the

most metal-rich case we examine, with an extreme car-

bon abundance. The actual shocked gas in the system

will not be composed purely of the material from one of

the stars, as there are known instabilities in this system,

such as the Kelvin-Helmholtz instability and the thin-

shell instability (Parkin and Pittard 2008) which will

cause mixing of the material between the stars. The

extent of that mixing depends sensitively on how these

instabilities manifest, and we will examine this in future

work. In this initial study, we prescribe the amount of

mixing, and take as an example a fully mixed gas.

The cooling functions per element as calculated with

CLOUDY are shown in Figure 3 and the total cooling rate

for the pure WR gas case, a pure OB gas and the fully

mixed OB + WR gas cases are shown in Figure 2.

We consider the evolution of a single parcel of gas

as it encounters the shock, is compressed, heated, and

eventually cools. When this gas parcel is first shocked, it

will reach the ’jump temperature’ Tj (Raymond 2018),

given by:

Tj =
3

16

µmH

k
v2s (14)

µ(T ) =

∑
i Aini∑

i

∑
l(l + 1)fi,l(T )ni

(15)

where µ is the mean particle mass, mH is the proton

mass, and k is the Boltzmann constant. As µ(T ) is itself

a function of temperature, illustrated in Figure 4, it is

not feasible to use Equation 15 to find the jump temper-

ature. However, as can be seen from the figure, at gas

temperatures of order 106 K, the gas is fully ionized and

Figure 2. Cooling rates, generated using Cloudy as in
Sarangi and Slavin (2022). Top: Cooling rates for gas of only
WR abundances. Middle: Cooling rates for gas of only OB
abundances. Bottom: Cooling rates for gas of fully mixed
WR + OB abundances.
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Figure 3. Cooling functions calculated with CLOUDY, Λi(T )
for the main constituent elements of WR and OB stellar
material

Figure 4. Mean particle mass as a function of temperature
for a pure OB stellar material gas, and a pure WR gas. For
both cases, the gas is fully ionized by ∼ 1e6 K.

µ(T ) has reached a steady value. As our jump temper-

atures are ∼ 108 K, we use the constant, fully ionized

value of µ to determine our jump temperature for each

gas composition.

2.2.2. 1D model

To model the compression and cooling of the gas in the

wind collision region, we determine the initial conditions

for a single parcel of gas beginning either at periastron

or apastron. We find the initial density assuming a con-

stant stellar wind given by v∞,WR and a constant mass

loss rate of ṀWR. For both systems considered here

the values of these parameters that we adopt from the

literature are given in Table 3.

Element OB WR 140 Mixed

XH 0.705 0.000 0.352

XHe 0.275 0.546 0.410

XC 0.003 0.400 .0201

XN 0.001 0.000 0.005

XO 0.010 0.050 0.030

Table 2. Abundances for the OB and WR stars considered
here, from Eatson et al. (2022). Mixed abundances are a
50/50 mixture of each gas.

We then find the immediate post-shock gas temper-

ature and density using the jump conditions described

above. We then use Equations 8 and 9 to determine

the evolution of the temperature and density. In con-

sidering this evolution, we must take into account that

the parcel of gas is not static behind the shock. After

the gas is shocked, it will follow the fluid flow along the

contact discontinuity and away from the immediate in-

teraction zone (Parkin and Pittard 2008; Cantó et al.

1996). As the gas moves, it will also expand, decreasing

the density even as the cooling and compression contin-

ues. We include this interplay between expansion and

compression using the outputs of a 3D hydrodynamic

simulation of binary stars and their wind collision re-

gion run using Arepo code. Arepo solves the hydrody-

namic equations on an unstructured Voronoi mesh us-

ing a second-order finite volume scheme (Springel 2010;

Springel et al. 2019). To understand the evolution of

the gas, we take a snapshot from the simulation and

determine the gas velocity and density at points within

the wind interaction region at sequentially larger radial

distances from the initial interaction point. As we as-

sume this system in a steady state, the characteristics of

a parcel of gas at each of these points also describes the

characteristics of one parcel of gas over time. To this

end, we fit a power law to the change in velocity and in

density with radial distance. We find that the velocity

does not change significantly, whereas the density de-

creases as r−2, as one would expect for a flow due to a

constant wind. With these relationships, we can then

determine the amount of expansion of the gas at each

time step in our 1D model. Gas quantities are evolved

as:

1. Set up a range of temperature values, beginning

at Tj , evenly log-spaced down to T = 100 K

2. Assuming a constant Mach number, evaluate

Equation 9 to determine the new compressed den-

sity

3. Using the new temperature and density, lookup

and interpolate the appropriate value of η(T )
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WR 104 WR 140

Parameter Parameter

TWR 45,000 K 1 TWR 57,000 K 8

MWR 10 M⊙
2 MWR 10 M⊙

7

LWR 40,000 L⊙
1 LWR 930,000 L⊙

8

R∗,WR 6 R⊙
10 R∗,WR 9.79 R⊙

8

ṀWR 3 × 10−5M⊙yr
−1 4 ṀWR 5.6 × 10−5M⊙yr

−1 6

v∞WR 1.22 × 103 km s−1 3 v∞WR 2.86 × 103 km s−16

TOB 30,000 K 4 TOB 36,000 K 8

MOB 20 M⊙
5 MOB 29 M⊙

7

LOB 80,000 L⊙
4 LOB 500,000 L⊙

8

R∗,OB 13.5 R⊙
10 R∗,OB 18.2 R⊙

7

ṀOB 6 × 10−8M⊙yr
−1 4 ṀOB 1.6 × 10−6M⊙ yr−1 9

v∞OB 2 × 103 km s−1 4 v∞OB 3.20 × 103 km s−1 6

Table 3. Stellar parameters used in this work, adopted from the literature. 1 Crowther (1997) 2 Sander et al. (2012) 3 Howarth
and Schmutz (1992) 4 Harries et al. (2004). 5 Fierro et al. (2015) 6 Williams (2011) 7 Thomas et al. (2021) 8 Lau et al. (2023)
9 Williams et al. (1990) 10 Soulain et al. (2023)

4. Integrate Equation 8 to find the time it takes to

cool to this temperature and density

5. Multiply this cooling time by the constant fluid

velocity behind the shock to find the distance trav-

eled by a parcel of gas in this time

6. The new density is now the compressed density

multiplied by an expansion factor ∝ r−2

For dense, metal rich gas such as that behind the wind

interaction shocks, cooling can be very effective, re-

ducing the temperature to below that of the ambient

medium within ∼ 10s of days. The top panel of Figure

5 illustrates this for the case of WR140, when the in-

teraction happens at periastron. The situation is very

similar for WR104, as in the bottom panel of Figure 5,

though the cooling time is roughly twice as long. WR104

has a very circular orbit, meaning the stellar winds are

constantly strongly interacting, compared to WR140 in

which the orbit is very eccentric leading to periods of

strong wind interaction only near periastron. However,

the mass loss rates in the WR104 system are somewhat

smaller than those in WR140, producing a lower pre-

shock density. This lower density, even when compressed

by the shock, leads to less efficient cooling than in the

WR140 case, as the cooling rate η is proportional to n2.

2.2.3. Radiation and Heating

The cooling times discussed above consider the shock

compression and atomic cooling of the gas, as well as

the expansion of the gas over time. However, these gas

parcels are also in the strong radiation field of the mas-

sive stars in the binary and will be subject to both heat-

ing and ionization. We must then consider the energy

change in the gas as a combination of the cooling rate,

η(T ) and the heating rate, H(T ). The effects of this

radiation field depend on the stellar luminosity an the

shape of the stellar spectrum. We model the incident

stellar spectrum as a blackbody at the temperature of

the stellar photosphere, given in 3. However, the actual

radiation field affecting the gas parcels does not have a

simple analytical formulation, as it depends on not only

the incident radiation but also the effects of radiative

transfer between the stellar source and the gas column

of wind-driven mass loss between that source and the

shocked gas. For our shocked parcels of gas, we must

consider the flux of incident radiation that has passed

through an increasing column density of gas as it moves

through the system. The composition of the gas parcel

itself is also important, as the various species in the gas

will have different responses to heating and ionization.
To capture the effects of the radiation field on our gas,

we use the spectral synthesis code CLOUDY (Ferland et al.

2013; Chatzikos et al. 2023).

The gas immediately post shock is heated to very high

temperatures, where the cooling rate is most efficient, as

seen in 2. As the gas is cooled to temperatures ∼ 1e4

K however, the cooling rate and the ionization fraction

drop off significantly, allowing the heating and ionizing

radiation to play an important role in the gas evolution.

We use the analytical equations 9 and 8 to describe the

gas in the temperature range Tj - 1e4 K, using CLOUDY

to follow the evolution at lower temperatures. While

CLOUDY is not intended to follow the time evolution of a

gas with this many competing effects on column density,

we can use it to determine the heating and cooling on

a specific parcel at a given moment in time assuming

that the parcel will reach thermal equilibrium. We pro-
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Figure 5. Top: Temperature over time for WR140, at peri-
astron, comparing the cooling time of a pure OB star abun-
dance gas, a pure WR gas, and the fully mixed case. Bottom:
The same, for WR 104 at periastron. The mass loss rates in
the WR104 system are slightly smaller than those in WR140,
leading to smaller gas densities and thus less efficient cool-
ing.

vide initial gas conditions to cloudy using the output of

our 1D model above, selecting the gas density and con-

stituent number density when the 1D model has reached

1e4 K.

Our systems are on the extreme ends of density and

luminosity for which CLOUDY was designed. As such, it is

not able to consistently model the gas very close to the

star. We thus set the initial distance from the radiation

source to be 1e14 cm. However, at this distance from

a star with a constant mass loss, there is already some

column density of material between the star and the gas

Figure 6. Top: Density over time for WR140, at periastron,
comparing the cooling time of a pure OB star abundance gas,
a pure WR gas, and the fully mixed case. Bottom: The same,
for WR 104 at periastron. The density in each case reaches
a plateau as the effects of shock compression compete with
the gas expansion as the parcel moves outwards.

parcel we follow, which will attenuate the incident flux.

To avoid overestimating the heating on our gas parcel,

we first use the spectral synthesis capabilities of cloudy

to determine to what extent the stellar radiation will

be attenuated. We begin by finding the column density

between the star and the shocked gas parcel consider-

ing a constant mass loss rate and the radial distance of

the gas parcel at the time that it reaches T = 1e4 K.

We then set the initial stellar temperature and luminos-

ity, and determine the total transmitted luminosity and

shape of the spectrum after passing through the calcu-



8

Figure 7. Incident Vs Transmitted Spectrum from CLOUDY

for WR140. The incident spectrum is strongly peaked in
the UV, while the transmitted spectrum has been reddened
by it’s passage through the mass-loss driven column density
between the source and our shocked gas parcel of interest.

lated column density, illustrated for WR140 in Figure

7.

The transmitted spectrum at this distance is then used

as the incident spectrum on the shocked parcel of gas.

We then use CLOUDY to determine the distance at which

the gas will have cooled to 2000 K, as we are most in-

terested in the dust formation processes that will begin

around this temperature. Another advantage of using

CLOUDY beyond the inclusion of heating is the molecu-

lar formation functionality. As the WR star has been

stripped, it has a much higher C/O ratio than solar.

This will lead to efficient CO molecule formation, which

then provides an effective cooling mechanism. The cool-

ing functions we use at higher temperatures do not take

into account molecular cooling, which is expected to be

an important factor in our gas. While the code will ef-

fectively form CO molecules, it does not reliably track

the cooling from these molecules at the low tempera-

tures we are interested in. To correct for this we turn off

CO cooling within CLOUDY, and include an ‘extra’ cool-

ing function, a functionality provided for in the code. To

determine the appropriate amount of CO cooling for our

gas, we follow the prescription in Neufeld and Kaufman

(1993), described below.

2.2.4. Analytic CO cooling function

Neufeld and Kaufman (1993) treat the radiative cool-

ing of warm (T ≳ 100 K) molecular gas. The authors

numerically calculate the cooling of multiple molecules,

and then present analytic fitting functions. Their func-

tions are most appropriate for temperatures between

3500 K and 100 K, which is somewhat lower than our

initial temperature of 1e4 K. As the functions given de-

pend on the H2 column density, we may overestimate

the cooling at higher temperatures. As such, a fully

Figure 8. CLOUDY output describing the temperature of a
gas parcel of pure WR gas composition as a function of dis-
tance from the WR star in AU. Considering the atomic and
molecular cooling, the density compression and expansion as
well as the heating and ionization, we find that the gas will
have cooled to temperatures able to begin dust formation at
∼ 30 AU.

self-consistent treatment of CO cooling at temperatures

between 1e4-1e3 K would be a significant improvement

to our model but is outside the scope of this work.

To make use of these CO cooling functions, we use

their reported fits to the density dependence of the cool-

ing function or cooling rate coefficient:

1

Λ
=

1

Λ0
+

n(H2)

LLT E
+

1

Λ0

[
n(H2)

n1/2

]α (
1−

n1/2Λ0

LLT E

)
(16)

where Λ0 is the cooling rate coefficient in a low den-

sity limit, and is a function of temperature only. LLT E
is the luminosity per cooling molecule when the level

populations are in LTE, and n1/2 is the H2 density at

which the cooling rate coefficient falls below 1/2Λ0. Val-

ues for these quantities for CO specifically are provided
in their Table 3, and are organized according to another

parameter related to the geometry of the system: Ñ .

For a spherical stellar outflow with a mass loss rate, this

parameter can be found as:

Ñ = 1.7× 1017
Ṁ

1/2
−5

v
3/2
6

(
n(H2)

cm−3

)1/2

[cm−2 per km s−1]

(17)

With the inbuilt CLOUDY CO cooling turned off and

the analytic functions entered in its place, we then find

the distance at which our gas will cool to temperatures

appropriate for dust formation. An illustration of this

for the WR140 system is in Figure 8.

3. DUST PRODUCTION

The initial formation of dust grains depends on

molecules nucleating from the gas phase, and conden-
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sation onto those initial cores. The initial gas phase nu-

cleation is the limiting rate in these reactions (Sarangi

et al. 2018). Modeling the formation of these initial cores

requires a non-steady state, chemical kinetic approach

which considers each possible pathway for dust forma-

tion and the range of elements available in the gas. In

Sarangi and Cherchneff (2013), this process was consid-

ered for SN ejecta considered to be in stratified zones.

We follow that formalism here, as the constituent ele-

ments in our WR gas are extremely similar to the com-

position of the He/C shell of a Core Collapse Super-

nova. We will discuss here the most important reactions

for this study, and leave an exhaustive accounting of all

chemical reactions included in the network to Table 10

in the Appendix of Sarangi and Cherchneff (2013). We

discuss below the dust formation for the Pure WR gas

abundances case, then the pure OB gas abundances case,

and finally the fully mixed case.

3.1. Pure WR gas

As in the He/C shell of a Core Collapse event, the

composition of our gas is primarily He and C rich, and

extremely depleted in H. This limits the chemical path-

ways available to form molecules and eventually dust,

constraining the species we can expect to form. The WR

gas is very carbon rich and relatively poor in Oxygen,

thus we expect CO to form rapidly, and quickly lock up

the available oxygen, limiting the formation of other O-

dependent species. The considerably greater abundance

of C compared to O in the gas will leave a significant

reservoir of atomic C available to begin forming the C

chains that will lead to Amorphous Carbon (AC) dust

growth. This same O-poor abundance will directly af-

fect the formation of silicate grains, and we consider

forsterite as an example silicate here. The formation of

the silicates depends on SiO molecules initially, which

will struggle to form as the oxygen is locked into CO.

The condensation of atoms onto these initial molecules

then determines the formation of the final dust grains.

Given the overabundance of carbon, we expect carbon

clusters to form readily, though this formation will be

modulated by the similarly high abundance of He in the

gas. As in Zone 5, the He/C zone in the SNe ejecta

of Sarangi and Cherchneff (2013), we expect that the

He will be ionized, and thus can easily destroy the pre-

cursors of carbon chains, via reactions such as He+ +

Cn → Cn−1 + C+ + He. Carbon chain formation will

then struggle to proceed until the He ion mass has de-

creased. The lack of He ions combined with the low

oxygen content of the gas, preventing further formation

of CO molecules, means the carbon chains can then form

efficiently. We track the formation of these carbon clus-

ters beginning at the smallest molecules of C2 and C3,

following their formation up through C28, which we con-

sider to be the initial stage of amorphous carbon dust.

The silicate dust we consider here, specifically

MG4Si2O8, the smallest dimer of forsterite, depends

strongly on the reaction chain starting with SiO + SiO,

progressing to Si2O3 + Mg. These reactions are sup-

pressed due to the low oxygen content, so we expect any

silicate dust formation to proceed slowly and culminate

in a far lower dust content than carbon-bearing grains.

Indeed, we see that this is true for both WR140, illus-

trated in Figure 9 and for WR104, in Figure 10. The

dust formation for each system is shown at periastron

and at apastron, to demonstrate the most extreme cases

along the orbit.

Beginning with WR140, at periastron the carbon dust

begins forming within 35 days post-shock, and proceeds

rapidly, reaching its maximum within 70 days post-

shock. This formation timescale, assuming a constant

gas velocity, can then be related directly to a formation

distance. We find that for AC dust in WR140 at pe-

riastron, the dust formation begins at ∼ 90 AU from

the initial shock, and continues until a maximum at ∼
300 AU. These formation distances are in broad agree-

ment with other estimations of dust nucleation distances

around this system, as in Williams et al. (2009). The

early carbon dust production occurs due to the high

C/O ratio in the gas, and the relatively high tempera-

ture at which C molecule formation can take place, near

2500K. This is in contrast to the silicates, which require

gas temperatures closer to 1500 K Sarangi and Cher-

chneff (2013), leading to formation beginning about 320

days post-shock, at which point the gas parcel has moved

to just over 300 AU away from the system. At apastron,

the stellar wind material has dropped considerably in

density, leaving even the shocked gas of a lower density

compared to that at periastron. This has consequences

on the dust formation, which rely on the high densities

to encourage the necessary reactions. In figure 9, the

dashed lines represent the dust formation at apastron,

and there is a notable offset from the solid periastron

lines. At apastron, the carbon dust formation begins

at 295 days post-shock, and again reaches a maximum

rapidly at 350 days, less than 60 days after formation

begins. The silicate precursors also follow the general

trend from the periastron case, requiring considerably

longer to begin formation than the carbon dust. In the

apastron case, silicates don’t begin forming until 930

days post-shock, leading to a formation distance that is

almost three times as large as in the periastron case. It

is important to note that for this system, the shocks are

likely to behave adiabatically at apastron rather than ra-
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diatively, meaning they are unlikely to provide the cool-

ing and compression required to form dust. Thus, our

estimates here of dust formation are an upper limit, de-

scribing what dust production could occur under ‘ideal’

circumstances in this location.

In the much more circular orbit of WR 104, the situ-

ation is very similar to WR140 at periastron. The mass

loss rates are similar between the WR stars in each sys-

tem, and the distance of WR104 at periastron, 2.1 AU, is

close to that of WR140 at periastron, 1.3 AU. Thus, we

see very similar trends in dust production between the

two cases. The carbon dust, as before, forms early and

proceeds rapidly. Carbon dust formation begins only a

few days later in 104 compared to 140, starting at 34

days post-shock, and reaching a maximum at 97 days.

With the somewhat lower wind velocities in this system,

this relates to a dust formation initial distance of ∼ 40

AU, only somewhat higher than the estimates in Soulain

et al. (2018); Tuthill et al. (2008). The forsterite begins

formation slightly earlier in WR104, at 220 days post

shock. This difference is likely due to the lower stellar

luminosity in WR104, 4e4 L⊙ compared to the consid-

erably higher 9e5 L⊙ in WR140. There is enough car-

bon available to begin forming as soon as it has reached

cool enough temperatures, but the higher luminosity in

WR140 slows the cooling enough to delay the formation

of silicates. In WR104, the lower luminosity leads to

a steeper temperature drop off, allowing the chemistry

leading to the forsterite dimer to proceed sooner.

Because the orbit of WR104 is so circular, with an

eccentricity of only 0.06, there is a negligible change

in dust production between periastron and apastron.

WR140, with its eccentricity of 0.88, shows substan-

tial differences in dust production between the loca-

tions. This agrees well with observations of both sys-

tems. WR104 is a continuous dust producer, and shows

an unbroken ‘pinwheel’ of dust, indicating that dust is

produced throughout the full orbit. We see that borne

out here, with dust production changing only marginally

between the two extremes. WR104, however, shows

crescents of dust shells, with the only visible parts of

those shells occurring near periastron. While there will

be some dust production along the entire orbit, the dust

can only reach appreciable densities when the gas den-

sity at the interaction zone is high enough, when the

stars are close by.

3.2. Pure OB Abundance Gas

For this report, I will present preliminary results for

dust formation in each system for the case of pure OB

abundances gas. This gas has solar abundances, thus

a considerably higher amount of H and a considerably

Figure 9. Top: Mass fraction of amorphous carbon dust
(red) and forsterite dust precursor (blue) formed over time
for WR 140. Bottom: Mass fraction of dust as a function of
distance from the WR star. Solid lines indicate dust forma-
tion at periastron, dashed lines indicate apastron. Carbon
dust forms rapidly in each case, due to the overabundance of
gas phase C. The forsterite precursors are delayed in forming
due to the lack of O to drive the chemistry, and the maximum
is multiple orders of magnitude lower than that of carbon.

lower C/O ratio. This will then favor the production of

silicates over carbonaceous grains, as the initial carbon

atoms will be quickly locked into CO molecules, leav-

ing almost no gas phase carbon available for dust nucle-

ation. The higher oxygen content also allows for differ-

ent chemical pathways than in the pure WR gas, evident
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Figure 10. The same as figure 9, but for WR 104. WR 104
has a very circular orbit, leading to only very small changes
in dust formation at periastron versus apastron.

in Figures 11 and 12. For both systems, we see that the

species of dust which can form are markedly different

than in the pure WR case, with the majority of dust in

the form of forsterite (MG2SiO4), enstatite (MgSiO3)

and alumina (Al2O3). In the results presented here, we

consider the dimers of the forsterite and enstatite, and

the tetramer of alumina, Al8O3.

Beginning with WR140, in Figure 11, there are two

immediate differences from the pure WR case. The car-

bon dust formation is completely absent, and the only

dust species are silicates and alumina. Notably, we also

find no dust production at aphelion for this gas com-

position. This lack of production is related not only to

the lower densities at aphelion, as in the pure WR case,

but also the lower cooling rates in this gas, delaying the

time for the gas to reach the ∼ 1500 K necessary to

start the silicate-forming reactions. Any delay in cool-

ing time translate also to a greater time for the gas to

expand and further lower the density, making dust for-

mation reactions become even less likely. At periastron,

dust formation is constrained to silicate species and alu-

mina, all of which are reliant on the oxygen content in

the gas. For the silicates, both forsterite and enstatite,

their formation process begins with SiO molecule for-

mation, proceeding from SiO + SiO, to Si2O2 + SO →
Si2O3, which then further react with Mg to form either

enstatite or forsterite. A full accounting of the chemical

pathways used to form these materials, and which are

included in the dust formation code used here, can be

found in Table 10 in Sarangi and Cherchneff (2013).

The formation of alumina depends on the initial for-

mation and dimerization of AlO (Sarangi and Cherch-

neff 2013). In the OB gas composition case, the much

higher O content allows for such oxygen dependent re-

actions to proceed. While alumina is quite refractory,

the abundance of Al in the gas phase is still fairly small

so the alumina dust formation process begins at a com-

parable time to the silicates, but takes longer to reach a

non-negligible concentration.

The WR104 case is very similar to WR140 in regards

to the species formed and the chemical pathways fol-

lowed. The major difference in this case is the continued

dust production at both periastron and apastron, due to

the low eccentricity of the orbit. Unlike in the pure WR

case, the dust production is notably smaller at apastron.

This is a product of the lower condensation temperature

of the silicates and the slightly lower gas density at this

point. While this same effect prevented dust production

entirely for WR140 at apastron, in this case it only de-

lays formation. However, the delay is long enough to

cause what would be an observable asymmetry in the

dust spiral around the system, which is not observed.

The large formation distances indicated in this case, in

the hundreds of AUs, are also not observed. This points

to the necessity of mixing of the OB and WR gases in

the actual systems.

3.3. Mixed Abundance Gas

For the paper resulting from this work, we will also

consider the dust production for gas that is an even mix-

ture of OB and WR abundances.

4. SUMMARY AND DISCUSSION

To summarize the findings of this work:
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Figure 11. Top: Mass fraction of dust formed over time
for WR140. Bottom: Mass fraction of dust as a function of
distance from the WR star. The species formed in this case
are forsterite (blue), enstatite (purple) and alumina (red).
We find negligible dust production at apastron for this case,
due both to the lower densities and the longer cooling time.

1. In the pure WR gas case, the precursors to amor-

phous carbon dust form quickly and in a binary

manner: once the gas has cooled to 2500 K, the

carbon rich environment allows for rapid dust C

chain formation, leading quickly to dust. The for-

mation proceeds rapidly until all available C has

been locked into clusters.

2. For pure WR gas, The initial dimers for forsterite

have their formation greatly delayed compared to

Figure 12. The same as figure 11, but for WR 104. We
find the same species of dust form as in the WR140 case, and
dust formation at both periastron and apastron. However,
the slightly lower density of the gas at apastron does have
a noticeable affect on dust production in this case, unlike in
the pure WR gas case.

carbon. The gas has a small oxygen abundance

compared to carbon, so the majority of the oxy-

gen becomes locked into CO molecules as the gas

cools, leaving little available for the SiO reactions

required to build up silicate grains.

3. Gas of pure OB abundances forms no amorphous

carbon grains. The C/O ratio in this gas is less

than one, so available carbon is quickly locked into

CO molecules and not available for dust formation.
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Silicates, now of multiple species, form on the same

timescale as in the WR gas cases.

4. The pure OB gas cases, which only make silicates

and later Alumina dust, will only have significant

dust formation at a much larger radius than is ob-

served around WR binary systems. This implies

that some mixing of the stellar material must hap-

pen behind the shocks.

5. WR140 shows significant variation in dust produc-

tion between periastron and apastron. At apas-

tron, the lower initial densities leave both a lower

post-shock density and provide less shielding from

the extremely luminous WR star. This strong UV

radiation prevents cooling and dust formation un-

til the shocked gas has moved a significant distance

away from the system.

6. WR104 shows almost no variation in dust produc-

tion along its orbit, due to the very low eccentric-

ity of the orbit. This aligns well with the unbroken

spiral structure of the dust observed for this sys-

tem.

It is important to mention here that this analysis relies

on knowledge of the orbital parameters of the system

ad the mass loss rates of both stars. Uncertainties on

these properties will directly affect the dust formation

timescales and locations. This analysis is also conducted

in 1 dimension, assuming spherical symmetry. While

this allows us to examine the first order effects on dust

formation, it cannot capture the effects of any instabili-

ties, which require higher dimensionality to manifest and

understand. There are two instabilities that are likely to

be important in these systems: Kelvin-Helmholtz (KH)

and the Thin-shell instability.

In colliding wind binaries with unequal wind speeds,

as both of our example cases are, the flow velocity along

the contact discontinuity is not equal, leaving the sys-

tem susceptible to KH instabilities that can grow with

time. This instability affects another, the ‘Thin Shell

Instability’, which is also expected to exist in these sys-

tems. This instability, described in Stevens et al. (1992),

is related to the winds on either side of the contact being

either cooling and adiabatic, or both cooling. In the first

case, the cooling winds will result in a dense shell that is

bounded by the adiabatic wind on the other side. This

shell is found to be unstable, leading to ‘kinks’ in the

cooling gas post-shock, which will then be further dis-

rupted by the action of the KH instability. When both

winds are radiative, the disruption is on a larger scale,

leading to more pronounced Rayleigh-Taylor-esque ‘fin-

gers’ of dense shocked gas. Our one dimensional treat-

ment of the shocked gas here cannot capture the ef-

fects of these instabilities. We will examine these effects

through 3d simulations in a future work.

Another important caveat to this work hinges on our

treatment of the CO cooling in the gas. CLOUDY is

not designed to compute accurate cooling in a situation

as carbon-rich as our gas, thus we rely on an analytic

formalism to describe the cooling from CO molecules.

This formalism was designed to be used in a less dense

medium than what we consider here, thus our exact

CO cooling rate may be overestimated by our extrap-

olation. A self-consistent treatment of CO molecular

cooling would be an improvement on this work.

5. FUTURE WORK

For the purposes of this report, I will outline here

the planned work to complete this paper. The immedi-

ate next step is running the models described above for

the case of fully mixed WR + OB gas. The chemical

abundances in this gas are significantly different than

in the pure WR case and the OB case. The inclusion

of H changes the chemical pathways available for dust

formation, but the higher concentration of metals also

decreases the cooling time. The lower relative abun-

dance of carbon in this case may also affect the rapidity

of carbon dust formation.

Following the modeling of the mixed gas case, my con-

clusions about the reasoning for dust species formation

in the OB and mixed cases will need to be discussed with

my mentors. While I have relied heavily on Sarangi and

Cherchneff (2013) to understand my OB gas composi-

tion results, my own understanding of the chemical pro-

cesses is woefully incomplete. Indeed, one could even

say that I have described the preliminary OB results

largely on ‘vibes’. And one would be correct.

Further analysis includes determining the length of

time of dust production for WR140: for what portion

of each orbit is dust expected to form in large enough

quantities to be observable? This work will focus on

determining at what time from periastron are the stars

then separated far enough apart that the density of the

shocked material is too low for significant dust produc-

tion. This separation distance will need to be converted

to location along the orbits of the system, for which pur-

pose I have begun to use the orbit integrator Rebound

(Rein and Liu 2012).

Lastly, I will turn to the problem of converting the

current results, given in terms of mass fraction of dust

formed, into a more concrete actual mass of dust formed.

All of the work so far has relied on modeling of a single

parcel of shocked gas, and results describe the mass frac-

tion of dust formed in that parcel. To extend this, I will
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need to determine the mass of gas contained in the vol-

ume of interest between the shocks, which can then be

used with the dust formation code results to determine

the mass of each species of dust formed. I anticipate

using the Arepo simulations to estimate the mass of gas

between the shocks, which will rely on finding the loca-

tions of the shocks at a given timestep and determining

the volume between those shocks. From work so far,

I know the distance and time at which dust will begin

to form, and how that formation proceeds. This infor-

mation can provide bounds for determining the location

in the simulations of the volume of gas I am interested

in. The exact approach for this calculation still requires

discussion, and is subject to change based on the advice

of my mentors.

This work originated from a project of the Summer

Program in Astrophysics 2025 held at the University of

Virginia, and funded by the Center for Global Inquiry

and Innovation, the National Science Foundation (Grant

2452494), the National Radio Astronomy Observatory

(NRAO), the Kavli Foundation and the Heising-Simons

Foundation.
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