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ABSTRACT
We study the sub-Keplerian rotation and dust content of the circumstellar material around the
asymptotic giant branch (AGB) star L2 Puppis. We find that the thermal pressure gradient alone
cannot explain the observed rotation profile. We find that there is a family of possible dust
populations for which radiation pressure can drive the observed sub-Keplerian rotation. This
set of solutions is further constrained by the spectral energy distribution (SED) of the system,
and we find that a dust-to-gas mass ratio of ∼10−3 and a maximum grain size that decreases
radially outwards can satisfy both the rotation curve and SED. These dust populations are
dynamically tightly coupled to the gas azimuthally. However, grains larger than ∼0.5 μm
are driven outwards radially by radiation pressure at velocities ∼5 km s−1, which implies a
dust replenishment rate of ∼3 × 10−9 M� yr−1. This replenishment rate is consistent with
observational estimates to within uncertainties. Coupling between the radial motion of the dust
and gas is weak and hence the gas does not share in this rapid outward motion. Overall, we
conclude that radiation pressure is a capable and necessary mechanism to explain the observed
rotation profile of L2 Pup, and offers other additional constraints on the dust properties.
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1 IN T RO D U C T I O N

Low- to intermediate-mass stars (stars with masses <8 M� at so-
lar metallicity) ascend the asymptotic giant branch (AGB) on the
Hertzsprung–Russell diagram (HRD) as they reach the end of their
lives. During the AGB phase, a combination of surface pulsations,
enabling the formation of dust, and radiation pressure on this dust
is believed to drive a strong stellar wind, with typical velocities of
∼10 km s−1 (Habing & Olofsson 2003). The mass lost in this wind
ranges from 10−8 up to 10−4 M� yr−1 (e.g. De Beck et al. 2010)
resulting in an important contribution to the gaseous and dusty en-
richment of the interstellar medium (ISM). A detailed understanding
of the physical and chemical processes of such a wind (composi-
tion, mass-loss rate, etc.) can hence provide better insight into the
impact of AGB stars on global galactic chemical evolution (e.g. in
terms of metallicity and dust-to-gas mass ratio).

Recent high angular resolution observations of AGB circumstel-
lar envelopes have shown that these winds harbour a wealth of
structural complexities, ranging from small-scale clumps (Khouri
et al. 2016) and arcs (Decin et al. 2015) to large-scale spirals
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(Maercker et al. 2012) and shells (Cernicharo et al. 2015). The
true origin of these morphologies is still a large point of debate, but
it is generally believed that cylindrically shaped morphologies, like
spirals and equatorial density enhancements, materialize through
wind–binary interactions (e.g. Theuns & Jorissen 1993; Mastrode-
mos & Morris 1998; Kim & Taam 2012; Chen et al. 2016). The
fraction of AGB circumstellar envelopes exhibiting such structures
can be high, since the multiplicity frequency of the progenitors
of AGB stars has been shown to be above 50 per cent (Raghavan
et al. 2010; Duchêne & Kraus 2013). In addition, they form an
important class of candidates that may explain the first stages in
the morphological evolution from spherical stellar systems to the
predominantly bipolar post-AGB stars and planetary nebulae.

In order to better understand the impact of binary effects on wind
shaping, and by extension on the global (thermo)dynamical and
chemical properties of AGB circumstellar envelopes, better theo-
retical and observational constraints are required. An ideal candidate
for such in-depth exploration of the complete anatomy of an equa-
torial density enhancement is the recently discovered differentially
rotating gas and dust disc around the AGB star L2 Puppis (Kervella
et al. 2014, 2016).

L2 Pup is a semiregular pulsating variable with a period of
P = 141 d (Kholopov et al. 1985; Bedding et al. 2005), an
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effective temperature of Teff ≈ 3500 K and a radial velocity rel-
ative to the local standard of rest (LSR) of vlsr = 33.3 km s−1. It
is the second nearest AGB star, located at a distance of only 64 pc
(π = 15.61 ± 0.99 mas; van Leeuwen 2007).

Kervella et al. (2016) used ALMA to accurately probe the kine-
matics of the gas contained within this disc, detecting both Ke-
plerian and sub-Keplerian motion in the equatorial plane of the
disc. The Keplerian motion of the inner disc has permitted the
very accurate determination of the mass of the central star, being
0.659 ± 0.052 Solar masses. The azimuthal (rotational) velocity
transitions from Keplerian to sub-Keplerian at the dust detection
radius strongly suggesting that the properties of dust (dust-to-gas
mass ratio, size distribution, etc.) in the disc influence the local
dynamics. Homan et al. (2017) have modelled the molecular 12CO
and 13CO emission with 3D radiative transfer, inferring the gaseous
density, temperature and velocity structure of the disc. A likely
companion has also been detected, located at the inner rim of the
gas disc, suggesting it plays a role in the formation of the equatorial
structure.

In this paper, we aim to further extend our understanding of
the structure of discs surrounding evolved stars by investigating
whether the sub-Keplerian motion observed in the disc around
L2 Pup could be induced by radiation pressure on the dust. In-
deed, there is the expectation that radiation pressure influences
dust–gas dynamics from prior work on massive stellar discs (e.g.
Takeuchi & Artymowicz 2001) and the circumstellar medium of
post-AGB stars (e.g. Dominik et al. 2003). In particular, Dominik
et al. (2003) found that radiation pressure could liberate small
(<10 μm) grains from high z in the disc around the post-AGB
star/binary companion HR 4049, as well as affecting the radial drift
of grains. However, they did not consider the dynamical effect of
this on the gas. L2 Pup also differs from HR 4049 in that it has a
much lower disc mass, of the order 10−4–10−3 M� compared to
0.3 M� (Homan et al. 2017). The lower optical depth of L2 Pup
means that the effect of radiation on dust could be much more
pervasive.

In addition to understanding the role of radiation pressure in driv-
ing sub-Keplerian rotation of the disc around L2 Pup, we also aim
to determine what dust grain species and grain size (distributions)
populate the disc, and by extension populate the stellar outflow.
Ultimately, we aim to contribute to a deeper understanding of the
formation and stability of AGB circumstellar discs. Furthermore,
better understanding the inner circumstellar envelopes of AGB stars
will improve our understanding of the mechanisms that drive the
AGB wind itself, and the subsequent evolutionary steps towards
the AGB progeny: the post-AGB stars and planetary nebulae (PN),
whose global morphology deviates significantly from the spheri-
cally symmetric AGB predecessors.

2 R A D I ATI O N PR E S S U R E I N D U C E D
SUB-KEPLERIAN ROTATION

2.1 Basic concept

We propose that the sub-Keplerian rotation identified in the disc
around L2 Pup might be explained by radiation pressure. Assuming
that dust and gas are well dynamically coupled, and that the dust
can exert a dynamical back-reaction on the gas through momentum
conservation, we can trivially extend the balancing of centrifugal
force and gravity that is Keplerian rotation to include radiation

Figure 1. The radiation pressure force per unit volume required to give the
deviation from Keplerian velocity observed towards L2 Pup, both with and
without accounting for the radial pressure gradient. Note that this is for the
disc mid-plane.

pressure. This yields a steady-state azimuthal rotation profile as a
function of radial distance R of

vφ =
√

GM∗
R

− fradR

ρ
, (1)

where frad is the radiation pressure force per unit volume, M∗ is the
stellar mass, ρ is the local volume density and G is the gravita-
tional constant. The assumed dynamic coupling is valid for grains
with Stokes numbers (the ratio of grain stopping time to dynamical
time-scale) much less than unity. We address this assumption in
Section 4.3. A thermal pressure gradient dP/dR will also support
against Keplerian rotation. Accounting for this extends equation (1)
to

vφ =
√

GM∗
R

− fradR

ρ
+ R

ρ

dP

dR
, (2)

where the mid-plane radial pressure gradient will be negative.
Kervella et al. (2016) summarized the observed azimuthal veloc-

ity profile of L2 Pup as

vφ = 40.7

(
R

au

)−0.853

km s−1. (3)

The models of Homan et al. (2017) imply that the mid-plane density
distribution is

ρmid = 9.3 × 10−13

(
R

Rc

)−3.1

g cm−3, (4)

where Rc = 2 au. We can combine equations (2), (3) and (4) to solve
for the frad required to give the observed velocity distribution, in the
mid-plane,

frad = ρ

R

(
v2

kep − v2
φ

)
+ dP

dR
, (5)

where vkep is regular Keplerian rotation and ρ the local density.
This required mid-plane frad profile for the disc around L2 Pup, both
with and without the mid-plane radial pressure (using the thermal
description of the disc computed by Homan et al. 2017, which we
present in Section 3.3, equation 9), is shown in Fig. 1.

Note that this relation suggests the existence of a solution
for which vφ = 0. This is equivalent to the critical point at
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which the radiation pressure balances the inward gravitational pull
(frad ≈ ρv2

kep/R). Radiation pressures exceeding this value would
not permit stable orbits. The resulting particle trajectories are then
likely to be purely radially outwards.

Given that equation (1) tells us the steady-state azimuthal velocity
as a function of radiation pressure, we can use a radiative transfer
code to estimate the radiation pressure and hence the steady-state
rotational profile for different configurations, without having to
perform a full radiation hydrodynamic simulation. This is our focus
for the rest of this paper.

3 N U M E R I C A L M E T H O D

We now summarize our radiative transfer models used to probe the
dust distribution and sub-Keplerian rotation of the disc around L2

Pup.

3.1 Model parameters

We use the Monte Carlo radiation transport code TORUS for the cal-
culations in this paper (e.g. Harries 2000; Haworth & Harries 2012;
Harries 2015). TORUS computes the radiation pressure force using
the algorithm presented by Harries (2015). This method treats poly-
chromatic radiation and anisotropic scattering in the free streaming
and optically thick limits. In short, the photon source (stellar) lumi-
nosity is broken into discrete, constant energy packets of photons
which are propagated through the computational domain on a ran-
dom walk – much like photons propagating through a medium in
reality. As each packet of energy εi traverses a path length l through
a cell, it contributes to the radiation pressure force in that cell. Once
all packets are propagated, the total radiation pressure force per unit
volume in cell j is

frad,j = 1

c

∫
κνρFνdν = 1

c

1

	t

1

Vj

∑
εiκνρlû, (6)

where κν , ρ, V and û are the cell specific dust opacity, density, cell
volume and the radiation pressure force unit vector, respectively. In
this paper, we do not perform full radiation hydrodynamic simu-
lations, which are computationally expensive (TORUS also currently
assumes dynamically coupled dust and gas). Rather we compute
the radiation pressure force and feed it into the analytic framework
discussed above.

Monte Carlo radiative transfer with TORUS is also used to compute
synthetic spectral energy distributions (SEDs) from our models.
Note that, for SEDs, we directly compute the dust radiative equi-
librium temperature using an approach based on Lucy (1999). That
is, we do not use the parametric temperature for the disc derived by
Homan et al. (2017), but calculate it explicitly.

TORUS permits the use of multiple dust types across different spa-
tial regions in a given simulation, where a particular dust type has
a dust-to-gas mass ratio (δ) minimum/maximum grain size (amin,
amax), a power-law distribution (q) and a composition. For the mod-
els in this paper, we use 10 different dust types that apply over
discrete radial ranges (e.g. the first spans from 6 to 7 au). The dust
parameters are not allowed to vary vertically at this stage, but given
that Homan et al. (2017) inferred a turbulent velocity of ∼1 km s−1,
which would result in vertical mixing of the contents of the disc on
times of the order of a few tens of years, the assumption of vertically
constant dust properties is prudent.

Unless otherwise stated, the grain compositions that we consider
in our models are Draine (2003) silicates. In Section 4.5.3, we also
consider the iron-poor Mg(0.95) Fe(0.05) SiO(3) and iron-rich Mg

Fe SiO(4) magnesium–iron silicates, with data from the Jena DOCCD

data base1 (Jaeger et al. 1994; Dorschner et al. 1995). The optical
constants of these grain types are used to compute a Mie scattering
phase matrix.

We assume a Mathis, Rumpl & Nordsieck (1977) size distribu-
tion, dn/da ∝ a−q, of grains between the minimum and maximum
grain size in each radial bin. The radial variation of these dust pa-
rameters is to be determined, such that the azimuthal velocity is
consistent with that observed. Note that our calculations are in-
sensitive to the gas composition because grains will dominate the
opacity in continuum radiative transfer.

In this paper, we locate solutions to the rotation profile manually.
That is, we make an initial guess of the dust properties, calculate the
rotation profile and then modify, e.g. amax in each bin to drive the
solution towards the observed rotation profile. Once one solution is
found, say for a fixed dust-to-gas ratio, generating others for small
deviations in the dust-to-gas ratio is done relatively quickly given
that small perturbations to the first solution are required.

3.2 Stellar model

We model the stellar spectrum of L2 Pup using the models of
Castelli & Kurucz (2004). However, these only extend into the
far-infrared out to ∼160 μm. Beyond this wavelength, the emis-
sion is very similar to a blackbody spectrum, which we therefore
adopt beyond the bounds of the more sophisticated spectral mod-
els. We assume an effective temperature of 3500 K, a luminosity of
2000 L�, a radius of 121 R� and a mass of 0.659 M� (Kervella
et al. 2016). Note that we do not account for radiation from the pos-
sible secondary under the assumption that the AGB star dominates.

3.3 Disc construction

We base our disc on the best-fitting models of Homan et al. (2017).
The gas density is set by

ρ = ρ0

(
r

Rc

)−3.1

exp

(
− z2

2H 2

)
, (7)

where r =
√

x2 + y2, Rc = 2 au, ρ0 = 9.3 × 10−13 g cm−3 and

H = Hc

( r

Rc

)0.2
, (8)

where Hc = 1.5 au. We impose a disc outer radius of 26 au (approxi-
mately the observed extent: Kervella et al. 2016; Homan et al. 2017)
beyond which we set the density to a negligibly low value. At this
stage, we only permit the dust properties to vary radially, not ver-
tically. We always impose a dust-free inner 6 au, as expected from
observations. When computing the radiation pressure force, we as-
sume the background thermal structure concluded by Homan et al.
(2017), which is

T =(
Tz − Tp

)
exp

(
− r2

2w2
1

)
−(

Tp/π
)

tan−1

(
r − D

w2
− π

2

)
, (9)

where Tz = 2500 K, Tp = 500 K, w1 = 1.8 au, w2 = 4 au and
D = 20 au. The background pressure gradient has the potential to
modify the required radiation pressure (see Section 2.1) but we
will shortly show that the effect of the thermal pressure gradient is
very small, so the exact temperature structure is not too important.
This permits us to calculate the radiation pressure force relatively

1 http://www.astro.uni-jena.de/Laboratory/OCDB/amsilicates.html
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Figure 2. The azimuthal velocity as a function of radius without radi-
ation pressure, considering only the impact of a thermal pressure gradi-
ent. The disc parameters inferred by Homan et al. (2017) do not pro-
duce the observed sub-Keplerian rotation. For a power-law temperature
structure T = 2900(R/au)−0.2 K, we get reasonable agreement, but the
temperature never drops below 1500 K in the range considered, which is
incompatible with the detection of CO at these radii.

quickly, as we do not have to iteratively run Monte Carlo radiative
transfer steps until convergence in the temperature. This is important
since we have to trial and modify different dust populations until
they yield the observed rotation profile, so many calculations can
be required. When computing synthetic SEDs from a known dust
solution, we compute the dust radiative equilibrium temperature
using an iterative Monte Carlo radiative transfer scheme.

4 R ESULTS AND DISCUSSION

4.1 Can a thermal pressure gradient explain the rotation
curve?

We begin by exploring whether a thermal pressure gradient alone
can explain the observed azimuthal rotation profile. That is, we
consider equation (2) with frad = 0. Note that we are considering
rotation of the mid-plane only at this stage. The density–temperature
profile inferred by Homan et al. (2017) (equations 7–9) gives a mid-
plane rotation profile that is always to within 10 per cent of Keplerian
out to 26 au and typically closer to within 5 per cent (the relatively
low impact of thermal pressure gradient is also illustrated in Fig. 1).
We hence do not expect the observed sub-Keplerian rotation from
the CO fitted disc structure alone.

Keeping the density profile the same, we checked for power-law
temperature profiles (T = To(R/au)−ε) that yield azimuthal veloci-
ties consistent with the observations, where To and ε are free param-
eters. Solutions are possible, but for temperature profiles that are
considerably hotter than observed – never dropping below ∼1500 K
within 26 au (e.g. To = 2900 K, ε = 0.2 provides a reasonable match
– see Fig. 2). Such a thermal structure is incompatible with the ob-
served CO distribution around L2 Pup (Homan et al. 2017) implying
that tweaking of the thermal pressure gradient alone is insufficient
to explain the observed azimuthal velocity profile of the gas around
L2 Pup.

Figure 3. The normalized cumulative opacity as a function of wavelength
for grain distributions with q = 3.3, amin = 10−3 µm and amax of 10 µm
(red) and 1 mm (blue).

4.2 Radiation pressure driven sub-Keplerian rotation

Using the Monte Carlo radiative transfer scheme discussed in Sec-
tion 3, we searched for dust configurations that resulted in radi-
ation pressure driven sub-Keplerian rotation consistent with that
observed, assuming that the background gas pressure profile in the
disc is that inferred by Homan et al. (2017). Recall that we consider
radially varying, vertically constant, dust populations.

For a given radiation source, the radiation pressure is sensitive to
the dust opacity (see equation 6) which is influenced by the max/min
grain size, dust-to-gas mass ratio, power-law distribution and to
some extent, the composition. We find that the main parameters are
the max grain size and dust-to-gas mass ratio. For simplicity, in the
following discussion we generally assume an ISM-like power law
of q = 3.3, but we also explore the effect of q in 4.4 (see Section 3.1
for more information of the grain distribution).

The normalized cumulative opacity as a function of wavelength
is shown in Fig. 3 for two grain size distributions that differ only in
their maximum grain sizes. The key point here is that the dominant
contributor to the opacity is the dust in the size range 0.1−1 μm.
So, when varying the dust-to-gas mass ratio or maximum grain size,
it is the impact on the population of these grains which affects the
azimuthal velocity profile the most. Given this, there is actually
a degeneracy between the maximum grain size and dust-to-gas
ratio in generating solutions for the rotation profile. Increasing the
maximum grain size will deplete the smaller grains somewhat, but
increasing the dust-to-gas mass ratio compensates for this. There
is hence a family of possible dust solutions for radiation pressure
driven sub-Keplerian rotation around L2 Pup. As we will discuss
shortly, these solutions definitely do exist and there are a large
number of them; however, it is this large number that is unfortunate
since it does not permit us to tightly constrain the dust parameters
using the rotation curve alone.

4.2.1 Compatible dust populations

We explore two sets of solutions. In one, we choose a fixed dust-
to-gas mass ratio and determine the required radial variation of the
maximum grain size, and in the other, we hold the maximum grain
size constant and vary the dust-to-gas mass ratio radially. In reality,
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Figure 4. Radial profile of the dust-to-gas ratio for fixed grain size distri-
butions required to fit the observed azimuthal rotation profile. A larger fixed
amax scales up the δ profile.

Figure 5. Radial profile of the maximum grain size amax for a fixed dust-
to-gas mass ratio δ required to fit the observed azimuthal rotation profile.
A larger fixed δ scales up the amax profile. Included is an approximate pre-
scription for the radial profile which is given by equation (14) and discussed
in Section 4.4.

it is likely that both vary radially to some extent, but our approach
is more straightforward at this stage.

The radial dust-to-gas profiles for different constant amax that
satisfy the rotation profile are shown in Fig. 4. At larger radial
distances, the opacity has to increase and so the dust-to-gas ratio
also has to increase. An ISM-like dust-to-gas ratio of 10−2, or larger,
is achieved for maximum grain sizes > 100 μm.

Some examples of the radial variation of the maximum grain
size for a fixed dust-to-gas mass ratio are shown in Fig. 5. As
mentioned above, the opacity has to increase with radius, which is
achieved in the fixed dust-to-gas ratio models by having a decreasing
maximum grain size as a function of radius (and hence more grains
in the critical 0.1–1 μm size range, see Fig. 3). We discuss the
dust dynamics and grain growth further in Sections 4.3 and 4.5, but
note here that a radially decreasing maximum grain size could be
explained by more rapid grain growth at small orbital distances.

Figure 6. Stokes number of grains as a function of radius around L2 Pup.
Different lines represent different grain sizes.

Although there are many possible dust configurations that yield
the observed rotation profile, there are some limits. For example,
we were unable to compute a solution for a dust-to-gas mass ratio of
5 × 10−4 because at large radii in the disc we reach a point where the
opacity cannot be further increased by reducing the maximum grain
size. This is because we enter a regime in which decreasing amax

reduces the number of grains in the 0.1–1 μm range and therefore
sets an upper limit on the available radiation pressure force. The
rotation profile alone can hence offer some further direct constraint
on the possible dust properties.

Overall, we have found a large range of possible dust parameters
that can reproduce the observed rotation curve, owing to the fact that
the dust opacity is degenerate. Coupling this family of solutions with
other diagnostics will help to further narrow down which subsets of
the models are valid, which we will do by comparing with the SED
in Section 4.4. First, we check whether our valid dust populations
are expected to be dynamically coupled with (and able to exert a
back-reaction on to) the gas, which would qualify radiation pressure
as a viable mechanism for driving sub-Keplerian rotation in L2 Pup.

4.3 Dust–gas dynamics

We estimate the Stokes number of grains in the disc in the Epstein
regime, that is

St = tsvkep

R
, (10)

where ts is the grain stopping time, defined as

ts = mdρg

Ks

(
ρg + ρd

) (11)

and the drag coefficient is

Ks = 4

3
πρga

2vs

(
1 + 9π	v2

128c2
s

)1/2

(12)

(Kwok 1975; Paardekooper & Mellema 2006), where ρg and ρd

are the gas and dust volume densities, respectively, md the grain
mass, a the grain size, cs the sound speed, 	v the relative velocity
of the dust and the gas and vs = √

8kbT /(πμmH ). The grain mass
md is computed assuming a density of 3 g cm−3. We plot the Stokes
number as a function of radius for various grain sizes in Fig. 6
(setting 	v to zero, a larger 	v only reduces the Stokes number,
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Table 1. A summary of the grain parameters in our models that give the
best matches to both the rotation profile and SED of L2 Pup. These models
have a power-law distribution q = 3.3, a minimum grain size of 1 nm and a
dust-to-gas mass ratio of δ = 1 × 10−3 and δ = 2.5 × 10−3. Note that there
will be other possible solutions for different q, as well as in scenarios where
both δ and amax can vary radially.

Rmin Rmax amax(δ = 2.5 × 10−3) amax(δ = 1 × 10−3)
(au) (au) ( µm) ( µm)

6 7 200 55
7 8 140 30
8 9 100 20
9 12 50 12
12 14 35 7.25
14 16 30 5.1
16 18 23 4.3
18 20 20 3.7
20 23 18 3.25
23 26 17 2.9

increasing the coupling). The key point from this figure is that the
grains in the 0.1–1 μm size range (which dominate the opacity for
reasonable choices of q, Fig. 3) have Stokes numbers much less
than unity and their azimuthal motion is therefore expected to be
well coupled to that of the gas. Larger grains will be approaching
(or exceeding) St = 1, but since their contribution to the opacity is
small the coupling of these grains is less important. However, note
that in principal large grains could still affect the dynamics if the
dust-to-gas ratio was high (approaching unity), due to their inertia.
Given the low Stokes number of key grains, radiation pressure on
the dust can be responsible for driving the sub-Keplerian rotation
observed in the gas.

We have confirmed this by directly solving for the dust and gas
velocity at each radius using the coupled equations for dust–gas dy-
namics (including the effects of drag, rotation, thermal and radiation
pressure; Kwok 1975; Nakagawa, Sekiya & Hayashi 1986), using
a grain size distribution with a fixed dust-to-gas ratio of 2.5 × 10−3

and radially varying amax that is summarized in Table 1 (we will
show that this distribution fits the SED well in Section 4.4). We find
that the differences between the gas and dust azimuthal velocity are
typically less than 1 per cent, confirming the tight coupling. Inter-
estingly, although the gas radial velocity remains small (	1 km s−1,
with the radial drag force balanced by the Coriolis force), the large
radiation pressure drives the dust to large outward radial velocities
at all sizes �0.1 μm (Fig. 7). Only for sizes above 0.1–1 cm does
gravity overcome radiation pressure, allowing the grains to remain
in the disc and be re-accreted by the star. For the smallest grains
(<0.1 μm), the coupling with the gas is so tight that the outward
velocity is also low.

Note that the situation is analogous to the familiar case of radial
drift of dust in protoplanetary discs except that in this case the
relative motion of the dust and gas is driven by radiation pressure
on the dust rather than the effect of radial pressure gradients on
the gas. In both cases, it can readily be shown from considering the
balance of drag and Coriolis force in the azimuthal direction that the
dust–gas relative velocity in the azimuthal direction is a factor St
times the relative velocity in the radial direction. This is in line with
our finding here that the dust–gas relative velocity is significant in
the radial direction while the two fluids are tightly coupled in the
azimuthal direction.

The large radial velocity in dust means that the disc will be
depleted of dust within ∼20 yr, which suggests that the disc must be

Figure 7. The outward radial velocity of dust grains as a function of grain
size at different radii in the disc. This is for a fixed dust-to-gas mass ratio of
2.5 × 10−3. The dashed lines show the radial velocity of grains with sizes
above the maximum grain size in the best-fitting model (assuming negligible
contribution to the mass).

replenished on short time-scales; we will discuss this replenishment
further in Section 4.5. This velocity of the grains also implies that
we should ideally recompute the grain surface density profile to be
consistent with the velocity structure, which would require multiple
iterations and both a variable dust-to-gas ratio and grain size mixture
at different radii. Given that there are other approximations (e.g.
vertically constant grain properties), for simplicity, we leave such
considerations for future work.

In this and the previous section, we have demonstrated that there
are dust configurations that result in opacities sufficient to drive
sub-Keplerian rotation consistent with that observed, which are
dynamically coupled to the gas. We also showed in Section 4.1
that a thermal pressure gradient alone cannot be responsible. We
hence conclude that radiation pressure is a capable and necessary
mechanism to drive the observed rotation profile of matter in the
disc around L2 Pup.

4.4 SED modelling

We have now shown that radiation pressure can theoretically ex-
plain the sub-Keplerian rotation around L2 Pup. We have already
discussed that the rotation profile offers only a weak constraint on
the dust given the degeneracy between the maximum grain size and
dust-to-gas mass ratio. However, even a weak additional constraint
might still help to yield an improved insight into the dust around
an AGB star. We recomputed the dust radiative equilibrium temper-
ature for our dust solutions and generated synthetic SEDs, which
we compare with the observed NACO/VLT, VLTI/MIDI and other
data, summarized in Kervella et al. (2014).

Fig. 8 shows the total SED for our models, with the upper panel
showing the results for models with a fixed maximum grain size
and the lower panel showing the results for models with a fixed
dust-to-gas mass ratio.

We evaluate the goodness of fit of each model using a chi-square
measure for the N points of the observed SED longwards of 10 μm,
where dust dominates the emission (shortwards of 10 μm, the SED
is dominated by the stellar contribution, as we will discuss below).
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Figure 8. A summary of our model SEDs. The upper panel is for models
with a fixed maximum grain size amax and a radially varying dust-to-gas
ratio δ. The lower panel is for a fixed dust-to-gas ratio and a radially varying
maximum grain size.

For the observed data, the filter width dominates over the flux un-
certainty. This, coupled with the fact that the SED is a single-valued
function beyond 10 μm, permits us to compare the observed and
synthetic wavelengths at a given flux in our χ2 measure:

χ2 = 1

N

∑ (λobs − λsim)2

	λ2
obs

. (13)

The result of this comparison is shown in Fig. 9. Models with a fixed
dust-to-gas ratio which vary the maximum grain size radially do the
best overall job for dust-to-gas mass ratios in the range 1–4 × 10−3.
The δ = 10−3 model has the best goodness of fit measure, but
is not consistent with the ∼mm observations within uncertainties.
Conversely the model with δ = 2.5 × 10−3 is the only one that
is consistent with all observed points longwards of 10 μm within
uncertainties – we hence refer to this model as our best match.

For models with a fixed maximum grain size and radial variation
of dust-to-gas ratio, the best solutions are those with amax ∼ 50 μm.
However, varying the maximum grain size does not give as good a
match as models that vary the dust-to-gas mass ratio.

Fig. 10 shows the SED for the δ = 2.5 × 10−3 model, decom-
posed into its component parts: direct and scattered stellar photons,

Figure 9. A measure of the chi-square goodness of fit of our model SEDs
compared to the observed data.

and direct and scattered thermal (dust continuum) photons. As men-
tioned above, Fig. 10 confirms that shortwards of 10 μm the SED
is dominated by the stellar contribution and we hence see only neg-
ligible differences with different dust models. Note that the point
at 1 mm is actually primarily set by the stellar spectrum, which is
in the blackbody regime by this wavelength (see Section 3.2), but
does require a small amount of large grains to boost the flux to the
observed value.

Recall that Fig. 5 shows the radial variation of grain sizes for a
fixed dust-to-gas ratio. As a convenience, we find that this can be
approximately described by

amax(R) ≈ amax(6 au)

×
{

6 × 10−2 + 12 exp

[
−2.5

(
R

6 au

)]}
μm. (14)

This approximation is compared against our results in Fig. 5. For
future reference, the dust properties in all bins of the best two models
(δ = 10−3, 2.5 × 10−3) are summarized in Table 1. We re-emphasize
that there will be other solutions too, and that in reality both the
dust-to-gas ratio and amax will vary radially.

There have been other studies that have modelled the SED of
L2 Pup (e.g. Kervella et al. 2014; Chen et al. 2016), but no other
model in the literature provides such a good simultaneous fit to
so much of the SED. In particular, fitting beyond 10 μm has not
been so successful in the past. There are hence members of the
family of dust solutions that satisfy the observed rotation profile
that simultaneously reproduces the SED.

We also modified one of our best models, with a fixed δ = 10−3,
to probe the impact of the grain power law q. Our models through-
out have assumed q = 3.3, but we ran three additional calculations
with q = 3, q = 3.5 and q = 4.2 (the latter derived by Gail & Sedl-
mayr 2013, for carbon-rich winds) for a fixed δ = 10−3. Changing
q affects the slope of the jump in cumulative opacity seen in Fig. 3.
We found that we were able to locate solutions to the rotation pro-
file for q = 3, 3.5 by simply changing the maximum grain size.
In the case of q = 4.2, we were only able to obtain solutions by
also modifying the minimum grain size/dust-to-gas ratio, since the
opacity was always too high with our fiducial parameters. For the
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Figure 10. The SED of the model with a fixed δ = 2.5 × 10−3, our model that best matches the data, including the separate photon source contributions.
The points from 10 µm longwards are those affected by the dust distribution. This best-fitting model lies within the uncertainties of all observed data points
longwards of 10 µm.

lower q models that still give solutions, the SED χ2 value does not
change by more than 1.5 per cent over q = 3 to q = 3.5 for a fixed
δ = 10−3. The value of q is therefore of secondary importance, at
least over the range considered here. The q = 4.2 SED does still
give good agreement beyond 10 μm, but interestingly causes the
stellar scattered light flux shortwards of 1 μm to deviate below the
observed values.

4.5 Further discussion

4.5.1 On dust replenishment

In Section 4.3, we found that grains in the size range
∼0.1 μm−0.25 cm are rapidly blown out of the disc by the in-
tense radiation pressure, giving a depletion time-scale of only tens
of years. Given that the probability that the observed disc around
L2 Pup is only of such an age is incredibly low, there must either
be proportionally strong dust formation and growth to replenish the
population, or some additional mechanism hindering the outward
migration. We reiterate that although there is rapid outward radial
motion of the dust, the azimuthal dust–gas coupling is actually
very tight and the gas does not move radially with any significant
velocity.

Our models in this paper are dynamically and geometrically quite
simple, making a robust estimate of the mass-loss rate in dust diffi-
cult. As a zeroth-order estimate, the dust mass-loss rate is simply the
dust mass times the ∼20 au of the dusty disc divided by the clearing
velocity. However, this neglects the fact that the disc is highly turbu-
lent (∼1 km s−1), which will hinder the outward radial propagation
of the dust. Processes such as dredging and shearing instabilities
may also hinder the radial dust propagation. Nevertheless, we make
the above estimate for our models as follows.

The total disc mass is 2.2 × 10−4 M� (Homan et al. 2017),
however only 30 per cent of this is in the range 6–26 au, with

the majority in the range 2–6 au. We hence consider a disc
mass of 6.6 × 10−5 M�, a dust-to-gas ratio of 10−3 and a clear-
ing time of 20 yr, which yields a required replenishment rate of
3.3 × 10−9 M� yr−1. Such a rate is completely feasible for AGB
stars in the solar neighbourhood, where dust mass-loss rates are
typically in the range 10−9–10−7 M� yr−1 (e.g. Jura & Klein-
mann 1989; Trejo et al. 2015, Trejo et al., in preparation).

There are existing, somewhat uncertain, estimates of the dust
mass-loss rate from L2 pup. Bedding et al. (2002) estimated a dust
mass-loss rate of L2 Pup of 5 × 10−10 M� yr−1, assuming a velocity
of 2.5 km s−1 and a dust-to-gas ratio of ∼10−3. The difference in
their assumed velocity with our typical 5 km s−1 gives a factor of 2
increase in the dust mass-loss rate and hence a deficiency of factor
of 3.3 between their mass-loss rate and our required rate. Further-
more, Jura, Chen & Plavchan (2002) estimated a dust mass-loss rate
of 1.9 × 10−9 M� yr−1 for a 3.5 km s−1 wind, which translating to
a 5 km s−1 wind gives a replenishment rate of 2.7 × 10−9 M� yr−1,
which is very close to our required value. Overall then, observation-
ally inferred mass-loss rates are somewhat consistent with (albeit a
bit lower than) the value required from our models.

The slightly higher replenishment rate in the models is easily
accounted for by uncertainties in the model and observations. Un-
certainties in the disc mass alone (for which Homan et al. 2017,
quote the lower limit as a factor of 3.4 smaller than the value we
consider for our calculation) can account for the discrepancy. This
is also without any inclusion of uncertainty in the CO/H ratio when
calculating the disc mass, which they assumed to be 10−4 (Mamon,
Glassgold & Huggins 1988, find a higher CO/H ratio at small radii,
which would decrease the disc mass, though the value of this ratio
is highly uncertain). In addition to this, there are processes such
as turbulence which will slow the outward propagation of grains.
Furthermore, Ramstedt et al. (2008) placed a lower limit in the
uncertainty of ∼3 on observationally inferred mass-loss rates at the
time of their work.
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Overall then the high velocities in grains predicted by our models
are not incompatible with either the kinematic observations of gas
(since the dust and gas are only azimuthally coupled) or the required
replenishment rate (within uncertainties). Reducing uncertainties
with future observations will help to constrain our models further
and confirm whether the dust population can indeed be sustained.

As a final comment, one might speculate that variability on the
time-scale of the dust production rate may result in a corresponding
variability of the disc structure as dust depletes, the opacity drops
and the azimuthal velocity becomes more Keplerian (or vice versa).
This could be surveyed observationally.

4.5.2 On the possibility that the circumstellar matter is more
wind-like than disc-like

The analysis of Kervella et al. (2016) found an r−0.853±0.059 az-
imuthal velocity scaling, which is close to the r−1 scaling expected
for a slow wind that conserves angular momentum. This coupled
with our high outward radial velocities of large grains raises the
possibility that the circumstellar outflow might be more like a wind
than a disc. However, comparing the thermal pressure gradient, cen-
trifugal and gravitational forces (e.g. equation 2 without radiation
pressure), we find that the gas acceleration is actually slightly in-
wards radially, inconsistent with a strong wind radially outwards.
Furthermore, no evidence for a fast wind was found in the obser-
vational kinematic study of Kervella et al. (2016). We therefore
conclude that the disc interpretation is the more applicable and that
there is tight azimuthal coupling between dust and gas, but only
weak radial coupling.

4.5.3 Sensitivity to grain composition

In addition to pure silicates, we also computed additional models
using iron-rich and iron-deficient magnesium–iron silicates (see
Section 3.1). Fig. 1 of Woitke (2006) shows that we expect higher
near-infrared absorption efficiency for small (	1 μm) iron-rich
grains than iron poor, which makes such grains more effective at
driving a radiation pressure induced wind. However, Höfner (2008)
showed that the larger scattering efficiency of micron-sized grains
is still high enough to permit iron-free grains to drive a wind.

To simplify our initial comparison, we force each grain type to
have the same density (3.5 g cm−3), so they only differ in their op-
tical constants. We assume the same radial profile of grains (amin,
amax, q), which is based on the solution for Draine (2003) silicates
and δ = 10−3 (see Table 1 for the grain sizes). The rotation curves
for the different compositions are shown in Fig. 11. Iron-rich and
Draine (2003) silicates show similar profiles, but the iron-deficient
grains show a slower rotation curve, implying that the product of
the flux and the opacity is higher (equation 6). To understand this,
Fig. 12 compares the absorption, scattering and total (absorption
plus scattering) opacities of each grain type. Although the absorp-
tion opacity of iron-rich grains is indeed higher, this is compensated
for by the micron-sized grains being able to efficiently scatter pho-
tons (Höfner 2008). The total opacity is therefore similar in each
case. The implication of this is that in the iron-deficient case, there
is higher flux at large radii (since it has been scattered rather than
absorbed). We verified this by checking the radial mid-plane flux
profile and it is indeed higher in the iron-deficient case. For grain dis-
tributions that differ only in their optical constants, iron-deficient
grains are hence more capable of driving sub-Keplerian rotation,
particularly at larger distances.

Figure 11. A comparison of the rotation profile for grain populations that
differ only in their optical constants (the grain density is forced to be the
same in each case). The black line is the observed rotation profile.

In addition to our checks on grains that only differ in their opti-
cal constants, we also computed models with the appropriate grain
densities (2.74, 3.71 and 3.5 g cm−3 for iron-deficient, iron-rich and
Draine (2003) silicates, respectively) and for which the dust-to-gas
ratio is scaled to give the observed rotation profile. We find that
iron-rich grains and Draine (2003) silicates both give similar re-
sults for the same dust-to-gas mass ratio, including for the SED
and outward radial acceleration of grains. However, iron-deficient
grains require a ∼40 per cent lower dust mass in order to repro-
duce the rotation profile and the outward radial grain velocities
are ∼1 km s−1 (20 per cent) faster. This combination means that
iron-deficient grains require a slightly lower dust production rate
to sustain their population. However, the SED of the iron-deficient
grains in this case is not good, significantly underestimating the flux
of the points from 3 to 30 μm.

It is important to note that, for different grain size distributions
(larger amax), iron-deficient grains can still yield the rotation profile
using the same dust mass as iron-rich grains and, in such a case, the
SED can also provide a reasonable match.

5 SU M M A RY A N D C O N C L U S I O N S

We explore the circumstellar disc of material around the AGB star
L2 Pup using radiative transfer models. In particular, we aim to
determine whether the observed sub-Keplerian rotation of the disc
can be explained by radiation pressure acting in addition to cen-
trifugal force and thermal pressure gradient to oppose gravity and
whether this allows us to constrain the dust parameters. We draw
the following main conclusions from this work.

(1) A thermal gas pressure gradient alone cannot explain the
observed rotation profile without high temperatures that would be
inconsistent with the state of the CO gas in the vicinity of L2 Pup.

(2) Radiation pressure can drive sub-Keplerian rotation consis-
tent with that observed. The dust population required to do this
is mostly sensitive to grains in the range 0.1−1 μm, which dom-
inate the opacity. There is hence a degeneracy between the dust-
to-gas ratio and maximum grain size which implies a family of
possible dust configurations that yield the observed rotation profile.
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Figure 12. The opacity breakdown of different grain types. The top panel
is the total opacity, the middle the absorption only and the bottom is scat-
tering opacity only. Note that the iron-deficient absorption opacity drops to
∼10−4 cm2 g−1 at less than 0.3 µm.

Although this means that insights into the dust population from
the rotation profile alone are limited, it can be coupled with other
diagnostics.

(3) We run two classes of model, fixing either the maximum
grain size or the dust-to-gas mass ratio and allowing the other to
vary radially. For models with a fixed maximum grain size, the
dust-to-gas ratio has to increase radially (to increase the opacity,
radiation pressure and hence deviation from Keplerian rotation).
Similarly, for models with a fixed dust-to-gas ratio, the maximum
grain size has to decrease radially.

(4) The Stokes number of the grains that dominate the opacity is
always much less than unity in our models, implying that the gas
and dust are dynamically well coupled. We also validate this by
solving for equilibrium solutions of the coupled dust–gas dynamics
equations, finding tight coupling in the azimuthal velocity of gas and
dust. These calculations also suggest that 0.1 μm–0.25 cm grains
might be accelerated to high velocity (∼5 km s−1), which would
deplete the disc on 20 yr time-scales. However the required dust
replenishment rate of ∼3 × 10−9 M� yr−1 is compatible, within
uncertainties, with the observationally inferred mass-loss rates for
L2 Pup of Jura et al. (2002) and Bedding et al. (2002).

(5) Of our family of dust populations that yielded the correct
rotation profiles, we computed SED models to compare with obser-
vations and further constrain the dust population. Our model with
a fixed dust-to-gas ratio of δ = 2.5 × 10−3, a maximum grain size
of 240 μm at 6 au and radial variation of maximum grain size ac-
cording to equation (14) is consistent with all observed data points
longwards of 10 μm (the regime dominated by dust emission). A
second model with a fixed δ = 10−3 has the best fit beyond 10 μm
according to a chi-square measure, although not within uncertain-
ties of the longest wavelength points. Generally though, it seems
that lower than ISM dust-to-gas ratios give the best results. Note
though that in reality all of the dust-to-gas ratio, maximum grain
size and power law of the distribution can change radially, so there
certainly are other good solutions in addition to those presented
here.

(6) Our models in this paper almost exclusively use Draine
(2003) silicates. However, we also tested iron-rich and poor iron–
magnesium silicates. We find that the higher absorption efficiency
of iron-rich grains in the near-infrared (e.g. Woitke 2006) is com-
pensated for by a higher scattering opacity of micron-sized grains in
that wavelength regime (Höfner 2008). The overall opacity therefore
remains similar, but at larger radii in the disc the flux in the iron-
deficient case is actually slightly higher that the iron rich (since
photons are scattered instead of absorbed). This means that for
a grain population that only differs in its optical constants, iron-
deficient grains are more capable of driving sub-Keplerian rotation
for lower dust masses, though the SED is not fit well by such a
model. Iron-rich grains give very similar results to Draine (2003)
silicates.

Our results should motivate future studies that consider the dust–
gas dynamics of the material around L2 Puppis in a fully radiation
hydrodynamic framework.
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