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Abstract

Circumstellar dust forms and evolves within the envelope of evolved stars, including asymptotic giant branch
(AGB) and red supergiant (RSG) stars. The extinction of stellar light by circumstellar dust is vital for interpreting
RSG/AGB observations and determining high-mass RSG progenitors of core-collapse supernovae. However,
circumstellar dust properties are not well understood. Modern understanding of dust evolution suggests that intense
stellar radiation can radically change dust properties across the circumstellar envelope through the RAdiative
Torque Disruption (RAT-D) mechanism. In this paper, we study the impacts of RAT-D on the grain size
distribution (GSD) of circumstellar dust and model its effects on photometric observations of « Orionis
(Betelgeuse). Due to the RAT-D effects, large grains formed in the dust formation zone are disrupted into smaller
species of size a < 0.5 ym. Using the GSD constrained by the RAT-D effects, we model the visual extinction of
background stars and Betelgeuse. We find that the extinction decreases at near-UV, optical, and IR wavelengths
while increasing at far-UV wavelengths. The resulting flux potentially reproduces the observation from the near-
UV to the near-IR range. Our results can be used to explain dust extinction and photometric observations of other
RSG/AGB stars.

Unified Astronomy Thesaurus concepts: Red supergiant stars (1375); Circumstellar dust (236); Circumstellar
envelopes (237); Circumstellar matter (241); Extinction (505)

1. Introduction ISM. Moreover, RSG studies have had substantial impact on
determining the initial mass of supernova (SN) progenitors,
which relates to the physical properties of SNe and their
remnants.

However, observations have revealed that not all CCSN
progenitors are coincident with RSGs. Smartt et al. (2009)
indicated the link between RSGs and CCSNe through
observations of 20 Type IIP SN progenitors, and showed an
upper-limit mass of 16.5 M., which is below the maximum
estimated RSG mass of 25M, for CCSNe (Meynet &
Maeder 2003). Several explanations have been proposed,
including the loss of the H envelope through stellar pulsation
(Yoon & Cantiello 2010), the creation of “failed SNe” that
directly collapse to stellar-mass black holes (Woosley &
Heger 2012; Lovegrove & Woosley 2013), and the limit mass
of RSGs of 20 M, in stellar evolution (Groh et al. 2013).

Recent studies have shown that circumstellar dust may be
responsible for the missing of high-mass RSG progenitors.
Circumstellar dust obscures stellar photons and produces an
additional extinction, causing the underestimation of stellar

Original content from this work may be used under the terms luminosity, which is linked to failed searches for high-mass
. gt " ! RSG progenitors (Smartt et al. 2009; Kochanek et al. 2012;

of the Creative Commons Attribution 4.0 licence. Any further . X .
distribution of this work must maintain attribution to the author(s) and the title Walmswell & Eldridge 2012; Kilpatrick & Foley 2018).
of the work, journal citation and DOI. Another significant impact of circumstellar dust is reddening

When helium burning in stellar cores is turned on, stars with
initial masses of 12 M.-30 M, evolve into red supergiants
(hereafter RSGs; see Levesque et al. 2006 for a review). RSG
stars experience significant stellar activity such as global
pulsation (Goldberg 1984; Heger et al. 1997; Guo & Li 2002;
Kiss et al. 2006) and large convection cells (Schwarzschild
1975; Antia et al. 1984; Fadeyev 2012; Ren & Jiang 2020),
leading to the loss of materials through the stellar winds. Heavy
elements are synthesized in the core until they reach Fe fusion.
Due to its maximum binding energy per nucleon, Fe fusion is
impossible, and the fusion core can no longer be sufficient to
support against its gravity. Hence, the RSGs implode and end
their lives as core-collapse supernovae (CCSNe). Chemical
elements heavier than iron and cosmic dust are formed in the
ejecta, which enriches the chemical abundance of the
interstellar medium (ISM) (see Tielens et al. 2005 and De Beck
et al. 2019 for reviews). Therefore, RSG research is essential
for understanding dust formation and stellar feedback in the
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effects at short wavelengths. Circumstellar dust absorbs and
scatters incoming stellar photons in UV-optical and near-IR
(NIR) wavelengths, resulting in strong continuum absorption in
the RSG/asymptotic giant branch (AGB) spectra (Massey et al.
2005; Fonfria et al. 2020; Fonfria et al. 2021). Thus, studying
circumstellar dust in RSGs and their extinction properties may
help resolve the RSG problems and identify high-mass RSG
progenitors.

Among dust properties, the grain size distribution (GSD) and
its optical properties are essential parameters for determining
dust extinction and stellar reddening. The first study of GSD
through UV extinction by Seab & Snow (1989) reported a
lower cutoff of the GSD at 0.08 ym due to grain shattering. The
study of dust condensation in RSGs by Verhoelst et al. (2009)
and in the RSG progenitor of SN 2012aw by Kochanek et al.
(2012) adopted a standard Mathis—Rumpl-Nordsieck size
distribution of the ISM with dn/da a3 for 0.005 um <
a <0.25 yum (Mathis et al. 1977). van Loon et al. (2005)
adopted a single size of 0.1 um for their study. From RSG
dusty envelopes observed in IR spectra, several modelings have
proposed the presence of larger grains a > 0.1 ym. Groenewe-
gen et al. (2009) found grains with 1 gm sizes in O-rich RSGs,
while Scicluna et al. (2015) investigated the maximum grain
size of 0.5 ym in RSG stellar winds.

The properties of dust are modified during its formation and
evolution within the circumstellar envelope (CSE). Dust grains
are first formed by gas nucleation in the formation zone
of ~3-10 R, (Cherchneff 2013). Subsequently, they can grow
by gas accretion and grain—grain collisions in the inner
envelope (Verhoelst et al. 2006). When dust is expelled by
radiation pressure into the ISM, its properties can also be
affected by radiative and mechanical feedback. In general, dust
grains can be destroyed by thermal sublimation, grain
shattering, and sputtering (Dominik et al. 1989; Biscaro &
Cherchneff 2016). Nevertheless, thermal sublimation is
inefficient in AGB/RSG cases, because dust temperature is
below the sublimation threshold of 1500 K starting from the
formation zone. Moreover, shattering and sputtering are only
efficient in shocks when dust is injected into the ISM.

Recently, Hoang et al. (2019) introduced a new mechanism
of grain disruption based on radiative torques (RATs), which is
termed RAdiative Torque Disruption (RAT-D). The RAT-D
mechanism can be effective in radiation fields in which thermal
sublimation is insufficient. The mechanism implies that large
grains spun up by RATs to fast rotation can be fragmented by
centrifugal stress into smaller particles, including nanoparticles
(i.e., a < 100 A). Tram et al. (2020) first studied the RAT-D
effect for AGB envelopes and modeled electric dipole emission
from rapidly spinning nanoparticles using the GSD constrained
by RAT-D. The authors demonstrated that the model within a
proper GSD can explain the observations of both carbon-rich
and oxygen-rich AGB stars (see their Figure 10). Therefore, the
approach based on the RAT-D mechanism is plausible in
determining the proper GSD and materials in the CSE of
evolved stars.

In this work, we will apply RAT-D for RSG envelopes and
discuss its implications for a particular star, « Orionis
(Betelgeuse)—an M2 supergiant star in the end phase of
evolution for high-mass stars. The star is a luminous source
with a bolometric luminosity of ~1.26 x 10°L., and a distance
of 197 pc (see Table 1). Hence, the CSE dust grains are

Truong et al.
Table 1
Physical Parameters of the Betelgeuse CSE

Parameters Values References
Distance (pc) 197 £ 45 (@€))
Stellar luminosity (L) 1.26 x 10° (€))
Stellar mass (M) 19.7 (€))
Stellar radius (R.) 887 + 203 (1)
Stellar diameter (mas) 55.64 + 0.04 (€9
Effective temperature (K) 3500 + 200 1), (2)
Mass-loss rate (M, yr") 2+1x10°¢ 1), 3)
Expansion velocity (km s7h 15 3)
Inner envelope radius (R,) 3 3), @
Outer envelope radius (R,) 17,000 (5), (6)

References: (1) Dolan et al. (2016); (2) Fay & Johnson (1973); (3) Verhoelst
et al. (2006); (4) Kervella et al. (2016); (5) Noriega-Crespo et al. (1997); (6)
Decin et al. (2013).

expected to be affected by the intense radiation field and their
gaseous environment.

Using the GSD constrained by RAT-D, we determine the
starlight absorption and scattering characteristics. We will
examine the extinction properties of dust grains through
modeling extinction curves along the sightline. We will
demonstrate the dependency of extinction features on grain
properties and the circumstellar environment. As a result, we
will be able to test grain effects by reproducing the reddened
spectrum in the Betelgeuse envelope.

This paper is organized as follows. Section 2 describes the
physical properties of the Betelgeuse CSE. In Sections 3 and 4,
we describe the principle of the RAT-D mechanism along with
the procedures of modeling extinction by circumstellar dust.
The modeling results, including the GSD, extinction features,
and reddening effects in the stellar spectrum, are presented in
Section 5. We discuss applications of the RAT-D mechanism in
studying GSD in AGB/RSG envelopes and the reddening in
AGB /RSG spectra and in analyzing the Betelgeuse CSE grain
properties in Section 6. Finally, our main findings are
summarized in Section 7.

2. Physics Model of Betelgeuse Envelope
2.1. CSE Structure

The characteristics of the Betelgeuse envelope have been
studied through NIR and mid-IR observations. Verhoelst et al.
(2006) revealed an excess astrosilicate emission at an inner dust
shell of 20 R, from mid-IR observations. The authors also
showed a thin Al,O3 dust shell at 2-3 R, above Betelgeuse,
proving the scenarios of first dust condensation in the hot
chromosphere. Kervella et al. (2016) resolved a dust shell at
3R, from the light scattering of Al,O; dust by VLT/
SPHERE/ZIMPOL. For the outer envelope, Noriega-Crespo
et al. (1997) observed an arc structure at 7/ ~ 17, 000 Ry by
IRAS, which was confirmed by Herschel PACS and SPIRE
images (Decin et al. 2013). Decin et al. (2013) showed this
outer layer is a boundary region of the Betelgeuse envelope
where the circumstellar winds collide with the ISM.

Our model adopts a spherical symmetry of the dusty CSE,
characterized by the observations of Noriega-Crespo et al.
(1997) and Decin et al. (2013). We choose an innermost dust
shell at ry,, = 3 R, following the polarimetric results of Kervella
et al. (2016), in which dust grains formed. An outermost layer
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Figure 1. The mean gas density (dashed green line) and gas temperature profile
(solid black line) of the Betelgeuse CSE.

is chosen at o, = 17,000 R, from Noriega-Crespo et al. (1997)
as we mentioned earlier. Our modeling parameters are listed in
Table 1.

2.2. Gas Density Profile

Stellar activity in the photosphere produces strong shocks
and ejects most of the stellar materials above an escape velocity
(see Bennett 2010 for a review). The outflows accelerate until
reaching a certain distance R,, where materials are able to
condense and form the first solids. With the high flux opacity of
grains, radiation pressure is sufficient to accelerate the newly
formed grains and produce the drift of dust relative to the gas.
This mechanism is known as radiation-driven winds (see, e.g.,
Hofner 2008; Hofner 2009; Hofner et al. 2016; Hofner &
Olofsson 2018).

In this work, we assume that the CSE expands spherically
within a constant terminal velocity vy, (Tielens 1983). Hence,
the gas density at a distance r is given by

Noys (1) = 7M
£ A7 2 Mgas Vexp
y 15 2 -1
~ 10 M 10> cm 10km s om-3
IO_SM@ r Vexp

ey

with M denoting the mass-loss rate and Mgy = 1 amu denoting
the hydrogen atom mass (see, e.g., Tram et al. 2020)."? For
Betelgeuse, we adopt M ~ 2 x 107° M, yr! and vey, =
15 km s~! (Dolan et al. 2016; Verhoelst et al. 2006). The gas
density profile in the Betelgeuse envelope is shown by the
dashed line in Figure 1.

2.3. Gas Temperature Profile

The pressure winds transfer the gas kinetic energy into
thermal energy, caused by the Alfvén wave flux, linear acoustic
waves, and global pulsation (Hartmann & Avrett 1984; Pijpers
& Hearn 1989; Lim et al. 1998). As a result, surrounding gas is
heated to above the effective surface temperature of Betelgeuse
(Tets; see, e.g., Gilliland & Dupree 1996; Lim et al. 1998).

12 Note that the prefactor is 107 cm ™ instead of 10° cm ™, which is a typo in

Equation (1) of Tram et al. (2020), but we have checked that their gas density
profile (their Figure 1) is correct.

Truong et al.

When the gas is expanded spherically by radiation-driven
winds, the temperature is balanced by the drag heating of
circumstellar dust and adiabatic cooling, and drops significantly
to below 100K at the outer CSE (see, e.g., Glassgold &
Huggins 1986; Rodgers & Glassgold 1991). Therefore, we
construct a power-law mean gas temperature profile as follows:

Ty = Ty (i) , @)

ro

where T is the initial temperature and « and r( vary at each
certain distance of the extended atmosphere. Observations and
semiempirical models (Harper et al. 2001; O’Gorman et al.
2015) show that the temperature profile of the chromosphere at
2R, <r<6R, drops from 3000 to 1800K as a form of
Typs X r?% At 6 R, <r < 60R,, the temperature decreases as
Tgas < r "' At a larger distance of r>60R,, the gas
temperature decreases dramatically to ~6 K at r~ 11,000 R,
(Rodgers & Glassgold 1991). In this stage, the temperature can
be approximately Tgastxr_o's. The radial profile of the gas
temperature is shown by the solid line in Figure 1.

3. RAT-D Mechanism and GSD
3.1. Radiation Field from an RSG Star

For a spherical envelope, the specific energy density at
wavelength A at a distance r from the central star is given by

B\, T.) ( R. )2

c

(L) = )

,
where T, is the star’s effective temperature. For the sake of
convenience, we consider the radiation of a central star as a
blackbody, and B(\, T) follows the Planck function.

Photons emitted from the central source will be attenuated by
dust extinction in the CSE. Consequently, the specific energy
density is reduced to

uy = mge (C))

where u,o is the intrinsic energy density as shown in
Equation (3), and 7, is the optical depth at wavelength A
measured from the central star.

The total energy density of the radiation field in the range of
wavelengths from Ay, t0 Apax 1S

Amax
wa = [ 6)
We adopt A\pin = 0.1 um, and A, = 20 pm, which cover
the peak of the blackbody radiation of an RSG star with the
lower limit being close to the Lyman cutoff. For convenience,
we use a dimensionless parameter U = u,q/uisgr to refer to the
strength of radiation fields with ujsgg being the energy density
of the average interstellar radiation field in the solar neighbor-
hood (usgr = 8.64 x 10~ ergecm ™) (Mathis et al. 1983).
Finally, the mean wavelength of the radiation field is
given by
I A
Awin (6)

R

5\:

For Betelgeuse, X = 1.45 ym for an unreddened radiation
field with u, given by Equation (3). This value is smaller for
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t_he case of AGB stars, e.g., =242 pm for IRC+10216 and
A = 2.53 pm for IK Tau (see Tram et al. 2020).

3.2. Rotational Disruption by RATs

The intense radiation field of Betelgeuse can spin up the
large irregular grain shapes to an extremely fast rotation. If the
induced centrifugal stress can exceed the binding energy that
holds the grain constituents, the grain is spontaneously
disrupted to smaller species. This destruction is called the
RAT-D mechanism (see Hoang et al. 2019 and Lazarian &
Hoang 2021 for details).

Here we recall the principle of the RAT-D mechanism. The
maximum angular velocity that a dust grain of size a can
achieve by RATS is given by

WRAT = PRAT Tdamp ’ (7)
1
where I = 87pa’/15 is the inertia moment of the spherical dust
grain, and Tgamp is the total rotational damping timescale.
Above, ['rat is the RAT, which is given by (see Equation (6)
in Giang & Hoang 2021)

)\max A
Iratr = f T4 Yrad Ur0 ff”(g)Qx dA (8)

min

where u)  is given by Equation (3), and .4 is the degree of
anisotropy of the radiation field. For the unidirectional radiation
field from a central star, one has ~.,9=1. Here, O\ =
a(A/a)™" is the RAT efficiency. From numerical calculations
of RATs for different shapes and orientations of dust grains
(Lazarian & Hoang 2007; Hoang et al. 2021), the RAT
efficiency is approximately equal to 2.33(\/a)? for a < @yans
and to 0.4 for ag.,s <a < A/0.1, where dyans = A/1.8 is the
transition grain size from the flat to the power-law RAT
efficiency.

The grain rotation is slowed down by a combination of
collisional damping by gas collision and the IR reemission of
grains. The characteristic damping timescale is

Teas
. )
I + Fr

Tdamp =

The corresponding characteristic timescale of collisional
damping is

73 1/2
T = 874 x 1o4a5p(30°m ) K1)y a0
ny 7:gas

and the dimensionless IR damping coefficient is

0402/3\(30 ecm=3)( 100K )/
Fr >~ , an
a_s ny Tgas

where a_s=a/(107> cm) and p=p/Bgcm3) (see
Equations (12) and (13) in Tram et al. 2020). One can see from
Equations (7)—(11) that the angular velocity depends on the
local gas density ny, gas temperature 7T,,, and radiation
strength U.

The critical angular velocity at which the grain is fragmented
due to the centrifugal force is given as (see Equation (3) in

Truong et al.

Hoang et al. 2019)

1/2
2(s
Waisr = —(L) ~3.65 x 10% 4 p~1/2S) 2 g rad s,
a\ p

12)

where Siaxo = Smax /(10° erg cm™3) is the maximum tensile
strength of grains (Hoang et al. 2019). The tensile strength is
characterized by the grain internal structure. As discussed in
Hoang et al. (2019), porous/composite grains have low values
of Smax = 10°~10° erg cm~3, whereas compact grains have
higher values of Sy > 1010 erg cm .

Consequently, the maximum grain size determined by the
RAT-D mechanism (ag;s;) is calculated numerically by setting
WRAT = Waisr» and grains larger than ag;,, would be disrupted.

Note that the condition of the RAT-D mechanism is valid for
grains aligned at attractor points of high angular momentum (a.
k.a. high-J attractors) due to the spin-up effects (see Hoang
et al. 2021). These grains can experience disruption with a
timescale less than that of the gas damping. For grains at low-J
attractors, their angular momentum is smaller and coupled by
thermal rotation of gas (denoted by Jiermar), and thus they are
inefficiently disrupted by the RAT-D mechanism (see Hoang
et al. 2021 for further explanation). The rotational disruption
properties of grains have a significant impact on our calculation
of the GSD, and will be discussed in the next section.

3.3. GSD

Our model assumes that the Betelgeuse envelope contains
mostly O-rich dust (e.g., crystalline olivine and amorphous
silicate; see Draine & Lee 1984 and Greenberg & Li 1996),
which presented in spectroscopic observations taken by
Verhoelst et al. (2009) and Kervella et al. (2011). The GSD
follows a power law as follows:

dng

e sinaa” @, (13)

where C; is the corresponding normalization constant of
astrosilicate dust. The GSD has lower and upper cutoffs
denoted by api, and an,y, respectively.

The original dust in the dust formation zone is expected to
have large size with ap,x > 0.25 pm (Scicluna et al. 2015).
While being expanded outward by radiation pressure, a fraction
Jhigh-s of original large grains at high-J attractors can achieve
suprathermal rotation (i.e., J > Jyerma) and be effectively
disrupted by RATs, and thus, the disruption size ag;s, represents
the upper cutoff of the GSD. The depletion of large grains and
enhancement of smaller grains also modify the slope of the
GSD. Meanwhile, the remaining portion 1 — fy;gn-y of original
grains at low-J attractors rotate thermally (i.e., J ~ Jinermal)-
With decreased angular momentum, the RAT-D mechanism
cannot occur and this results in the maintenance of the original
GSD with a fixed ap,x and o= 3.5. As shown in Lazarian &
Hoang (2021), the value of fi,.; depends on the grains’
properties and magnetic susceptibility. From the RAT calcula-
tions by Herranen et al. (2021) for an ensemble of irregular
grain shapes, fhigny is about 10%-70% for ordinary para-
magnetic materials such as astrosilicate.

For the case of grains at high-J attractors, we consider a
modified GSD with a fixed normalization constant and a varying
power-law index, according to model 1 in Giang et al. (2020).
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Figure 2. Schematic of radiative transfer modeling by dust grains along an
LOS across the CSE in the £Z plane (middle slab with y = 0). The central star
is considered as the origin. The positive direction of x is chosen to be directly
toward the observer on Earth.

Observer

Hence, the fixed normalization constant Cg; is computed through
the dust-to-gas mass ratio 7 as

0.5 0.5
_ 4r Amax — Ami

= 2T Zmax — Zmin. 14
K my 05 ‘lpSI ( )

where pg =3.5gcm ° is the mass density of silicate grains.
Eventually, the modification of the power-law index is
determined through the mass conservation as (see Equation
(14) in Giang et al. 2020)

0.5 0.5 4+ 4+«
Amax — 9min __ Adisr + A min
= ) (15)
0.5 4+«

where ap, = 3.5 A is fixed, determined by the thermal
sublimation of astrosilicate dust (see Draine & Salpeter 1979;
Giang et al. 2020). We assume that the original dust has a
maximum grain size of 0.5 um. However, we also consider the
effect of the variation of a,x from 0.05 ym to 0.5 pm.

4. Extinction Curve Modeling
4.1. Model Setup

Our work adopts a spherical geometry of the CSE within a
coordinate system xyZ having the origin at the center of
Betelgeuse in units of 1 R, as seen in Figure 2. The CSE is
assumed to have an inner radius of 3 R, and an outer radius of
17,000 R,.. The line of sight (LOS) toward the central star is
along x with z=0. For numerical modeling, the envelope is
divided into 1700 sublayers, and each layer has the same
thickness of Ax(z=0)= 10 R, ~42.4 au. Within each layer,
the gas and dust physical properties are uniform. We also
consider the extinction of background stars behind Betelgeuse.
Since the distance to Betelgeuse (d ~ 197 pc; see Table 1) is
much larger than its envelope, the LOS of a background star is
approximately parallel to the Betelgeuse LOS with z=0. In
this case, the thickness of each slab is Ax(z), identified by the
intersection of the parallel LOS and sublayers of the envelope.

4.2. Optical Depth

For each slab i along the LOS, x, toward the observer, the
optical depth Ar7; at wavelength A with thickness Ax is
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calculated as
Ay = fCe"Xr’Sﬂ (a)%dan
= G Ny, [fhigh, 7 fa ad” éxt,sﬂ(a)a*“da
(0= fug) [ Ch(@a%da] Ax, - (16)

where Ce"xt’sﬂ is the extinction cross section of astrosilicate
grains of size a and dn; /da is the GSD extracted from
Equation (13). The optical depth is produced by two separated
GSDs: the fraction fh;gh-s of disrupted grains at high-J attractors
in the range of ayin — dgisr, and 1 — fhigh., of nondisrupted
grains at low-J attractors in the range of dnin — dmax. The value
of C;xt’sﬂ is taken from Hoang et al. (2013) from photon
absorption and scattering in grain surfaces, which is derived
from the DDSCAT code for various grain shapes and
orientations (Draine & Flatau 2012). We assume that dust
grains have an oblate spheroidal shape with an axial ratio of 2.

Finally, the total optical depth at wavelength )\ along the
LOS is the sum of the optical depth of each slab i:

=Y Any, (17)
i=1
where i spans i =1 to i =n (with n = 1700), corresponding to
the farthest and closest slabs of the LOS across the Betelgeuse
envelope toward the observer, respectively.

4.3. Dust Extinction

The extinction at wavelength A along the LOS is computed
as (Hoang et al. 2013)

A/\ = 1.0867'/\ = Z 1.086AT/\J (18)
i=1
with the optical depth given in Equation (16). To compare with
observations, we normalize the extinction curve to the visual
extinction at A = 0.5448 um in UBVRI passbands (see Table 2
in the Appendix B) (Bessell 2005).
Next, we compute the total-to-selective extinction ratio, Ry,
as

Ay Ay

Ry = = ,
Eg v Ap — Ay

19)

where Eg_y=Ap — Ay is the color excess and Ag and Ay are
the extinction at the blue wavelength (M= 0.4363 pum) and
visible wavelength. The value of Ry determines the steepness
of the extinction curve.

Figure 3 shows the variation of Ry, with respect to the
maximum grain Size dp,y, assuming dpy, = 3.5 A, a =35,
and Cg/Ceub=1.12 (Draine & Lee 1984; Laor &
Draine 1993). With a mixture of astrosilicate and carbonaceous
components in ISM dust (solid green line), Ry is positively
correlated with the GSD, in which lower Ry implies the
enhancement of smaller grains, whereas higher Ry implies the
presence of large grains in the environment (see Hirashita &
Voshchinnikov 2014; Nataf et al. 2016).

The optical properties of dust materials can impact the
observed Ry. In the case of only O-rich dust (solid blue line),
the extinction by small astrosilicates is only affected by strong
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Figure 3. The calculation of the total-to-selective ratio Ry in the range of
dmax = [Snm — 0.5 yum] of three configurations of dust: astrosilicate (blue);
carbonaceous (orange); and a mixture of both dust materials (green). In the
latter case, we assume a ratio between astrosilicate and carbonaceous
components of Cgy/Ceap = 1.12.

absorption at far-UV wavelengths (A < 0.2 yum) while the
visible extinction is negligible (see Draine & Lee 1984 and
Draine 2011 for reviews). This leads to higher Ry for smaller
grains of a < 0.1 pm. For large grains of a > 0.1 um, scattering
with stellar photons becomes dominant and significantly
contributes to the change in the extinction at optical
wavelengths. The value of Ry starts to increase with increasing
amax. The standard Ry >~ 3.1 of the diffuse ISM (Cardelli et al.
1989) is possibly produced by the dominance of small
astrosilicates of apm,x = 0.02 um or the abundance of large
astrosilicate grains of an,x = 0.15 pum, as depicted in Figure 3
(see Draine 2011). Hence, the major effects of the optical
properties of O-rich compositions should be taken into
consideration in the calculation of Ry.

4.4. Dust Reddening

Finally, we study the effect of dust reddening on the stellar
radiation spectrum. The specific intensity of stellar radiation
after being attenuated by circumstellar dust is calculated as

Ih=1DhLoe™, (20)

where I,o=B(\, T,) is the intrinsic spectral intensity
following the Planck function and 7, = A,/1.086 is the optical
depth derived from the dust extinction toward the central star.
We study the reddened spectrum by circumstellar dust in two
configurations of the GSD: the fixed GSD with the original
grain sizes dmqx (i.e., without RAT-D), and the modified GSD
with the disruption sizes agi (i.e., with RAT-D). The
enhancement of smaller grain sizes in the latter is expected to
increase the attenuation at UV wavelengths.

5. Numerical Results
5.1. Grain Disruption Size

Figure 4 illustrates the grain disruption size as a function of
the radial distance from the central star for different values of
the tensile strength and the dust-to-gas mass ratio. One can see
that ag;, is smaller than the upper cutoff of the original GSD
amax in the entire Betelgeuse envelope. Moreover, ag;, radially
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increases with the envelope distance. The disruption size
decreases with a decreasing Syax or dust-to-gas ratio 7.

In the framework of the RAT-D mechanism, the grain
angular velocity is determined by (1) the spin-up by RATS
depending on the radiation strength, and (2) the spin-down by
gas collision depending on the gas density. Figure 1 shows that
the gas density decreases dramatically as 2. However, the
decrease rate of radiation strength is faster than that of the gas
density due to the optical depth effect. Thus, the maximum
grain rotation rate decreases with increasing radial distance,
resulting in the increase of the disruption size. For instance,
agisr increases from ~0.05 pum at r=3 R, to ~0.25 um at
r=17,000 R,.

The internal structure of grains also affects the efficiency of
the RAT-D mechanism. A compact grain structure with higher
Smax 18 more difficult to disrupt, and the disruption size
increases as dgisr X S&lﬁi (see Equation (30) in Hoang et al.
2021). For example, at r ~ 5000 R, within a dust-to-gas ratio
of 0.002, agisx~0.03 and 0.15pum for Sy, = 10° and
10" erg cm >, respectively.

The dust-to-gas mass ratio is found to reduce the RAT-D
efficiency and increase the disruption size (see Figure 4). The
reason is that a higher dust-to-gas ratio corresponds to a higher
amount of dust, which increases the optical depth and the
attenuation of stellar radiation in the envelope. Thus, it reduces
the effect of RAT-D on dust grains. As an example, for grains
with Spax = 10%rg cm™3 located at r~ 5000 R, dgis~
0.06 ym with 7=0.002, but the value is ~0.08 yum
with n=0.01.

Figure 5 depicts the dependency of the RAT-D efficiency on
the fraction of grains at high-J attractors, denoted by fuigh-s»
assuming a fixed dust-to-gas ratio of n=0.01. A higher
fraction of grains at high-J attractors (i.e., higher fiion. ) are
spun up and undergo a fast disruption, resulting in a smaller
grain disruption size ag;s,- Meanwhile, the higher abundance of
grains at low-J attractors (i.e., lower fhions) Tequires a longer
timescale to be disrupted by RATs than the gas damping time,
which reduces the RAT-D efficiency and leads to a larger agjg;-
Taking grains with Sy, = 10%rg cm™ at r ~ 5000 R, as an
example, ag;, decreases from ~0.3 to 0.2 pm with increasing
fhigh—] from 50% to 100%.

Figure 6 shows the same profiles of ag;s, but for different
values of apyax, considering 50% of grains at high-J attractors.
The disruption zone (in which RAT-D is effective) increases
with decreasing tensile strength if an.x < 0.25 um (top
panels). For ap,x = 0.1 um, as an example, the disruption
zone is r =300 Ry, for Spax = 100 erg cm =3 to = 10,000 R,,
for Smax = 10%ergcm™3. And for initial am, = 0.25 um
(bottom panels), the disruption occurs in the entire envelope.

5.2. Extinction Curve along an LOS

We calculate the extinction curve along an LOS toward the
central star of Betelgeuse (z=0) and the extinction curve
toward a background star (z = 0) (see Figure 2).

Figure 7 shows the normalized extinction curve, Ay/Ay, at
two comparable projected heights of the LOS: z=0 and
7=>5000 R,. There is a strong extinction bump at 9.7 ym—the
absorption feature produced by the Si—O stretching mode of
astrosilicate grains. Due to the strong enhancement of smaller
grains by RAT-D, the extinction curves are significantly higher
at far-UV wavelengths, producing steeper slopes than in the
case of no dust disruption (dashed—dotted black line).
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Figure 4. Disruption grain size vs. radial distance from the central star for different values of tensile strength Sy, = 10°~10'° erg cm—3, and for different dust-to-gas
ratios 77 = 0.002 (left panel) and = 0.01 (right panel), assuming the original dust has the maximum size ap,x = 0.5 pum and is fully disrupted by RATs
(fhigh-s = 100%). Disruption is more effective for grains with lower Sy and lower dust-to-gas ratios.
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Figure 5. Same as Figure 4 but considering the effects of fi-s ranging from 50% (left panel) to 100% (right panel). A fixed dust-to-gas ratio of 0.01 is assumed. The
RAT-D mechanism becomes more efficient when applied on grains at high-J attractors, resulting in decreased disruption grain sizes with increasing fhigh-s-

Meanwhile, the extinction increases at IR wavelengths, which
is a result of the normalization at the visible band
(A=0.5448 um) (see Figure 16 in the Appendix A).

The left panel of Figure 7 shows the normalized extinction
curve along the LOS of z=0. The slope in the UV-optical
(A~ 0.2-0.6 um) is steeper for lower values of Spa. It is
associated with the decrease in ag, With decreasing Spax as
discussed in Section 5.1. Grains with porous structures (lower
Smax) are more easily disrupted (smaller ags,) by the RAT-D
mechanism, which results in a high abundance of smaller
grains. As a consequence, the extinction gets decreased at the
UV-optical. In contrast, the disruption of grains with compact
structures (higher Sp,x) is harder to induce, which shows a
higher extinction at UV-optical wavelengths.

The right panel of Figure 7 shows the normalized extinction
curves toward a background star at a projected distance
z7=>5000 R,. The effect of small porous astrosilicate grains is
more significant at the far-UV regimes, with higher extinction
at lower Sp.x. Meanwhile, the IR extinction increases with
decreasing Spax. The reason is that the disruption size in all
slabs along the LOS at z = 5000 R, (see Figure 2) is larger and
significantly different with varying Sy.x (see Figure 4). The
discrepancy of extinction curves consequently extends from the
UV-optical to the IR regimes (see Figure 16 in the Appendix
A). The weaker disruption effect at lower Sy iS unable to

increase the extinction at IR wavelengths, such that the
normalization at the visible band causes an opposite order as
seen in Figure 7 (right panel).

Figure 8 shows the effects of fyeny on the normalized
extinction curves, assuming compact grains with Sp.x =
10° erg cm 3. One can see that for grains located at z =0 (left
panel), with lower fieh.;, fewer grains at the high-J attractor
points are rapidly fragmented by RAT-D, leading to an
increased population of nondisrupted large grains in the
envelope and causing a decrease in far-UV extinction. Mean-
while, the normalized extinction gets increased at optical-IR
wavelengths, which is a result of the increase in optical
extinction for smaller fi,;qp-; (see Figure 17 in the Appendix A).
The right panel shows similar patterns for grains located along
the LOS at z=5000 R,,, but with flatter curves caused by the
higher abundance of large grains in this region.

Figure 9 shows the variation of extinction curves with z for
grains that are fully disrupted (fhigh-y = 100%), with a fixed
tensile strength of Sp. = 10°erg cm™ (left panel) and
Smax = 10%rg cm™3 (right panel). The extinction is higher at
far-UV regimes for lower z, which results from the enhance-
ment of small astrosilicate grains caused by the disruption.
Notably, the extinction curve at IR wavelengths is higher for
smaller z with Sp.x = 10% erg cm =3, which is the opposite of
the case of Spa = 10%erg cm™3 at UV—-optical wavelengths.
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Figure 6. Same as Figure 5 but for a different initial maximum grain size @myax from 0.05 to 0.5 m, assuming a fixed fhign-s = 50% and 1 = 0.01. The disruption zone

is more extended to the entire envelope as am,y increases and Spax decreases.
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Figure 7. Extinction curve normalized by the visible extinction A,/Ay on the LOS toward the central star, Betelgeuse (z = 0 R, left panel), and toward a background
star (z = 5000 R, right panel). The original dust with @y, = 0.5 pm and 1 = 0.002 is adopted. Compared with the case of no dust disruption (dashed—dotted black
line), the RAT-D effect results in a decrease in optical-IR extinction and an increase in far-UV extinction produced by porous grains (lower Spax).

At the same height z, a porous grain is much easier to disrupt
than a compact one. The extinction at optical wavelengths is
less affected for grains with higher Sy« (see Figure 18 in the
Appendix A). Thus, the normalization of the extinction curve at
optical wavelengths leads to the difference in Figure 9.
Another notable difference between the left and right panels
in Figures 7, 8, and 9 is that the steepness in the right panel is
flatter than that in the left panel. The explanation is the total-to-

selective extinction Ry, which will be described in the next
section.

5.3. Total-to-selective Extinction, Ry

As shown in the previous section, the enhancement of
smaller grains decreases the dust extinction in the optical-IR
wavelengths, resulting in steeper extinction curves (see
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Figure 8. Same as Figure 7 but with fip,; ranging from 25% to 100%, assuming compact grains with Syax = 10° erg cm 3. The enhancement of grains at high-J
attractors being disrupted by RATSs causes increased far-UV extinction and decreased optical-IR extinction.
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Figure 9. Same as Figure 7 but for different LOS z, assuming Spax = 10° erg cm™3 (left panel) and Sy = 10° erg cm ™ (right panel). The original dust with
Amax = 0.5 pum, 1= 0.002, and fyign.; = 100% is adopted. The extinction curve is steeper when observing at lower z.

Section 5.2). Additionally, the extinction patterns are affected
by the optical properties of O-rich materials, resulting in
different values of Ry with respect to the grain sizes as
illustrated in Figure 3. In this section, we calculate the total-to-
selective extinction, Ry, and show how Ry changes with the
height z of the LOS.

Figure 10 shows the variation of Ry with the projected height
z for different values of tensile strength and dust-to-gas ratio.
Small disrupted grains of a < ag;s, cause an increase in far-UV
extinction and a decrease in optical-IR extinction, leading to an
observed Ry < 4.45—lower than the standard value of Ry
produced by the original GSD of a < apax = 0.5 pm (dashed—
dotted black line).

One can see from Figure 10 that Ry, increases when
observing at lower positions z. This is because of the increasing
effects of RAT-D toward the central star, which reduces the
abundance of large grains, as shown in Figure 4. Since the
major contribution of small astrosilicates of a < 0.05 ym is
only in the far-UV extinction, the extinction curve is flatter at
optical-IR regimes, which results in higher Ry. Meanwhile, the
increased disruption size over the envelope distance (see
Figure 4) causes the enhancement of optical-IR extinction,
leading to a decrease in Ry with increasing height z. The results
are consistent with the features of the extinction curve along the
LOS at lower z as depicted in Figure 9.

The grain internal structure plays a crucial role in the value
of Ry. Close to the central star, large astrosilicate grains with
lower Spax are fragmented into smaller sizes of a < 0.05 um,
resulting in higher Ry. Meanwhile, compact grains are hardly
disrupted by RATS, leading to larger grain disruption sizes and
lower values of Ry. For instance, at the height z =20 R, within
1n=0.002, Ry decreases considerably from 4.1 to 2 for grains
with Sy = 10°ergem™3 and Sy = 10'%erg cm=—3. How-
ever, at the outer CSE, astrosilicate grains of a > 0.1 um with
high tensile strength of Spa > 10°ergcm™3 can survive
against the RAT-D mechanism and enhance the optical-IR
extinction. The value of Ry increases slightly, for example at
z=10,000 R, from 1.3 for grains with Sy,x = 10° ergcm 3 to
1.8 for those with Syax = 10'° erg cm 3. The results are linked
to the change in the slope of the observed extinction curve
A, /Ay in Figure 7.

One contributing factor that affects Ry is the dust-to-gas
mass ratio. In a low dust-to-gas ratio environment, the dust
reddening effect is weaker and the RAT-D mechanism
becomes more efficient. Due to the stronger disruption, the
effects of the grain internal structure are more significant. As
can be seen from Figure 10, the envelope with a lower dust-to-
gas ratio has a higher Ry for porous grains (i.e., lower Spax),
while the value is lower for compact grains (i.e., higher Spax).
As an example, for grains with Sy = 10% erg cm=3, Ry~ 2.8
as its maximum within 7= 0.002 and decreases to ~2.4 with



THE ASTROPHYSICAL JOURNAL, 936:101 (16pp), 2022 September 10

8 1 fhigh—] =100% —— Shax = 10° erg cm™3

— 108 -3
74 amax = 0.5um, n=0.002 Smax = 10%ergem
—.= Smax = 10%ergcm~3

6 —— Smax = 10%ergcm™3

5 Ry = 4.45 (No dust disruption)

Ry

102 103 104
z (R«)

Truong et al.

—— Smax = 10%ergcm™3
3

87 fiigny=100%

=108 -
74 @max=0.5um,n=0.01 Smax = 10%ergcm
—:= Smax = 10%ergcm™3

6 —— Smax = 10%ergcm™3

51 Ry=4.45 (No dust disruption)

107 103 104
z (R«)

Figure 10. The change in total-to-selective ratio, Ry, over the projected height z of the LOS toward a background star, assuming different values of Syax. TWo dust-to-
gas ratios of 7 = 0.002 (left panel) and 7 = 0.01 (right panel) are shown for a comparison. Under the effect of RAT-D, the slope of the extinction curve is steeper,
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Figure 11. Same as Figure 10 but for a fixed Syax = 10° erg cm ™ and varied Jhigh-s» ranging from 25% to 100%. The total-to-selective ratio Ry tends to rise with a

lower fraction of grains at high-J attractors in the CSE.

1n=0.01, while it can increase from ~1.7 to ~2 for grains
with Spax = 10'%rg cm =3,

Figure 11 shows the effects of grains at low-J and high-J
attractors with fiigny = 25%-100%. We consider these grains
have a compact structure with Sp.x = 10° erg cm—3 located in
the envelope with 1=0.002—0.01. The RAT-D efficiency
increases with increasing fhign-s» causing smaller Ry < 3.1 when
Jhigh-s > 50%. By contrast, the GSD of nondisrupted grains at
low-J attractors enhances the extinction at optical-IR wave-
lengths, as shown in Figure 8. Consequently, when
Jhigh-s < 25%, Ry becomes higher and can achieve its maximum
up to 4.2 (above the standard value of Ry ~ 3.1 in the ISM; see
Cardelli et al. 1989).

5.4. Reddening Effects on the Stellar Radiation Spectrum

Figure 12 displays the intrinsic spectrum of Betelgeuse at 3500
K (solid black line). The dashed lines are the radiation spectra
accounting for the extinction effect for different values of ayax
and without the disruption effect. Since the extinction is higher at
shorter wavelengths (i.e., the UV—optical; see Figures 7, 8, and
9), the stellar radiation spectrum is more reddened at the short-
wavelength range. In this case, the grain sizes follow a fixed
power-law distribution, as described by Equation (13). The level

of reddening depends on the GSD from a,;, t0 an,. Larger
grains present in the envelope for a broader GSD (i.e., a larger
maximum grain size apm,y), and thus the extinction is strong at
UV-NIR wavelengths. Therefore, it significantly reduces the
brightness in the UV-NIR photometric bands.

Figure 13 shows the radiation spectra when the RAT-D
effect is taken into account (colored lines). Compared with
those with no disruption (dashed—dotted black line), the spectra
are more enhanced at UV-optical wavelengths.

One important point that we emphasize in Figure 13 is the
effect of Spux on the reddened spectra. Compact grains (higher
Smax) retain larger sizes in the CSE, while the RAT-D disrupts
porous grains (lower Spyax). As a consequence, grains with
higher Sp.x attenuate more UV-NIR radiation, while this
radiation is less extincted by grains with lower Syx.

Another crucial point is the major impact of fiign; on the
reddened spectra, as shown in Figure 14. In an environment
with a higher fraction of grains at high-J attractors (i.e., high
Jhign-2), the GSD of circumstellar dust is dominated by disrupted
grains of a < ag; (see Figure 5), and extincts less UV-NIR
radiation. By contrast, for a high fraction of nondisrupted
grains at low-J attractors (i.€., low fhign.), large grains remain
in their original sizes of a < ap,x, and the stellar brightness
becomes dimmer when observing at UV-NIR regimes.
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Figure 12. The reddened spectra by CSE dust grains with the variation of ayax Without RAT-D (dashed colored lines). Compared with the intrinsic intensity (solid
black line), the spectra are more attenuated by large grains from UV to NIR wavelengths. Rectangular boundaries illustrate the photometric bands (see Table 2 in the

Appendix B).
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Figure 13. The reddening effects by disrupted grains at various tensile strengths Syax (dashed colored lines). The RAT-D effect can enhance the spectra from UV to
NIR wavelengths, compared with the case of no dust disruption with a fixed dpyax = 0.5 pm (dashed—dotted black line). The spectra produced by porous grains (i.e.,

lower Spax) are more enhanced.

Regarding the dust-to-gas ratio, it also influences the
distinction of the reddened spectra. For a low dust-to-gas ratio
(1 <0.005), the extinction effect is weak, and thus the
reddened spectra vary slightly. However, for a higher dust-to-
gas ratio (2 0.005), a larger amount of dust reduces the
strength of radiation fields, thus diminishing the disruption of
grains by RAT-D. Consequently, the discrepancy of the
reddened spectra is more significant and is shifted from the
UV-optical bands (U, V, and R bands) to the NIR band (/ band)
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as indicated in Figure 12 for different a,., in Figure 13 for
various Sy, and in Figure 14 for different fyign-.

6. Discussion

In this section, we first mention the use of our model in
interpreting GSD in RSG/AGB envelopes, as well as dust
extinction and reddening in RSG/AGB observations. Then, we
discuss the implications of the results for the observed
spectrum of Betelgeuse.
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Figure 14. Same as Figure 13 but for a variation of high-J attractors (fhign-s = 25%—-100%). The spectra become redder as the abundance of grains at low-J attractors

becomes significantly higher (i.e., lower fhigh-)-

6.1. Implications for Studying GSD in RSG/AGB Envelopes

The major process driving evolved star outflows is radiation
pressure on circumstellar dust in AGB and RSG envelopes
(Verhoelst et al. 2006; Hofner 2008; Verhoelst et al. 2009). The
modeling results in Figures 4, 5, and 6 imply that, along with
translation motion, stellar radiation can induce rotational
motion of dust grains and disrupt them by RATS, leading to
the abundance of smaller grains of @ < ayax = 0.5 um. The
variation of GSD can support the understanding of dust
formation and evolution in these environments.

RAT-D effects present not only in massive RSGs but also in
AGB envelopes, which was previously studied by Tram et al.
(2020). The results of GSD in that work showed that stellar
radiation can disrupt larger grains into smaller species
a < amax = 0.25 pm at certain regions of both C-rich and
O-rich AGB envelopes (see their Figure 3). The authors
emphasized that the RAT-D mechanism is independent of grain
minerals and can happen for both C-rich dust (e.g., amorphous
carbon, SiC, and polycyclic aromatic hydrocarbons) and O-rich
dust (e.g., amorphous silicate and crystalline olivine). Thus,
rotational disruption by RATs is mainly responsible for
modifying the GSD in evolved star envelopes, and should be
considered in studies of both RSGs and AGB stars.

Besides, the results of GSD taken by RAT-D are correlated
with the chemical modeling results in evolved star envelopes
by Van de Sande et al. (2020). The authors showed the
potential of retrieving the abundance of smaller grains through
higher gas depletion levels due to dust—gas interactions and
reactions on the grain surfaces. Hence, the approaches of
interpreting depletion levels from molecular line profiles (Van
de Sande et al. 2020) and spinning dust emission by RATS
(Tram et al. 2020) can help in probing the existence of smaller
grains in the CSEs of evolved stars.

6.2. Implications for Dust Extinction and Reddening in RSG/
AGB Observations

A previous study by Levesque et al. (2005) described the
physical properties of RSGs from broadband filter photometry
of 74 Milky Way RSGs. The spectra of these RSGs were
estimated by the MARCS models along with the ISM
reddening law of Cardelli et al. (1989) with Ry =3.1. The
results depicted an excess in the visual magnitude A of RSGs
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due to the occurrence of circumstellar dust. This dust extinction
has also been estimated in the Small Magellanic Cloud, the
Large Magellanic Cloud (Levesque et al. 2006), and M31
RSGs (Massey et al. 2009).

The study of Massey et al. (2005) highlighted in more detail
the reddening effects of circumstellar dust. Several RSGs
demonstrated that the observed fluxes mismatched with the
reddened stellar atmospheric models at near-UV (NUV)
wavelengths from 0.35 to 0.39 um (Massey et al. 2005). There
are some explanations for this phenomenon. One possibility is the
presence of a hot chromosphere above the stellar photosphere.
The heating gas profile in the extended atmosphere and strong
emissions such as in the Mg 1, He, and K lines are responsible
for the rise in UV images and spectra (Gilliland & Dupree 1996;
Carpenter et al. 1994; Uitenbroek et al. 1998; Harper et al. 2001).
Another explanation is the scattering of blue light from light
beams along the LOS by larger grains, as proposed by Massey
et al. (2005). These possibilities require high spectral resolution
observations. However, it is challenging to extract CSE
components for further reddening studies due to high optical
depth.

The modeled GSD considering the RAT-D mechanism
opens up a new approach in studying dust extinction. The
results from Figures 10 and 11 reveal the variation of the
observed Ry along the LOS toward background stars as a result
of the change in the GSD within the envelope. The measured
Ry can achieve up to 4.2, possibly induced by small porous
O-rich grains along the LOS across the inner envelope (i.e.,
a<0.05um and Spu ~ 10°ergcm=) or the increased
population of nondisrupted grains at low-J attractors (i.e.,
Jhign-s < 25%) with larger sizes. This is consistent with Ry, > 3.1
derived from RSG photometry (Lee 1970; Humphreys 1978).
Consequently, the dust extinction determined by RAT-D
contributes to correcting photometric observations of RSGs
with the modified Ry.

For the NUV problem, there are other explanations with the
implication of the RAT-D mechanism. According to the
reddening properties in Figures 12, 13, and 14, the NUV
excess can be produced by the survival of large grains in stellar
radiation fields under the effects of RAT-D. This can be
derived from grain properties, from both grain internal
structures and rotational properties. One possibility is
that grains may have a strong internal structure with
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Figure 15. The observed flux of Betelgeuse by Fay & Johnson (1973) (dashed blue line) slightly matched the fitting reddened spectrum considering the RAT-D
mechanism (solid red line) within confidence intervals of 1o for each parameter (red shaded region) in the left panel. The right panel is the grain disruption size given

by the grain parameters from the best-fit model.

Smax > 10% erg cm™3, which makes them difficult to disrupt by
RATs. This explanation can be reasonable since grains are
likely to have a compact structure (e.g., crystalline olivine) at
the condensation radius, where the first solids are formed by
dust nucleation (see Tielens et al. 1998; Cherchneff 2013;
Verhoelst et al. 2009). Another possibility is that grains at low-
J attractors may be abundant in RSG envelopes with
Jhigh-s <25%, requiring a longer disruption timescale (see
Figure 5). These suggestions raise the requirement of studying
radiative feedback in RSG envelopes to precisely evaluate
grain properties from stellar observations.

Circumstellar dust also makes an important impact on
interpreting the spectral energy distribution (SED) of AGB
stars. Fonfria et al. (2020) and Fonfria et al. (2021) showed that
modeling can reproduce the observed SED at a range of
wavelengths A\ ~2.5-26 um. However, their models mis-
matched and could not reproduce the spectra for shorter
wavelengths A < 2.5 pm for both carbon-rich and oxygen-rich
AGB stars. Figures 12, 13, and 14 suggest that our model can
be a good explanation for these observational puzzles since the
RAT-D mechanism applies in both C-rich and O-rich dust as
mentioned in Section 6.1. Hence, the effects of RAT-D on
circumstellar dust are essential to explaining the extinction at
UV-optical wavelengths of AGB envelopes.

6.3. Implications for the Dimming of Betelgeuse

Circumstellar dust affects the observational properties of
Betelgeuse, especially its observed flux. The left panel of
Figure 15 shows the SED of Betelgeuse observed by Fay &
Johnson (1973) (dashed blue line), in comparison with the
blackbody radiation at 3500 K (solid black line). The observed
flux reveals a strong absorption from the UV to the NIR region
at >0.8 um~'. We interpret the circumstellar reddening effects
in the observed Betelgeuse spectrum with the application of the
RAT-D mechanism.

We first assume that the maximum grain size is equal to
0.5 um (Scicluna et al. 2015). Thus, the three main free
parameters are (1) the maximum tensile strength Sy, (2) the
fraction of grains at high-J attractors fhigh-s» and (3) the dust-to-
gas ratio 7, which are determined through reduced Y?
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minimization as follows:

1 & (3 — 3
N = [T @1
where L is the number of freedom degrees, 7 is the number of
data points, y; and y; are the observed and modeling values,
respectively, and o; is the measurement error of the observed
flux. We test the effect of assuming flux errors on the
minimum xfe i

The best model is illustrated by the solid red line in
Figure 15 (left panel) with Sax = 100 erg cm ™=, fiyign s = 80%,
and a dust-to-gas ratio =0.006 within a 1o level of
significance (red shaded region), assuming a 20% error of the
total flux (blue shaded region). These parameters change
negligibly when we vary the error from 5% to 30%. The
constrained dust-to-gas ratio is higher than that of 0.0025
predicted by Verhoelst et al. (2006). The fitted Syax and fuign-s
imply that approximately 80% of the original large grains at
high-J attractors may obtain compact structures before being
fragmented by RAT-D. We compare our best fit with the case
of no RAT-D, which is shown by a dashed—dotted red line.
This standard case considerably underestimates the observed
flux at optical and UV wavelengths due to a lack of small
grains.

From the best fit, we compute the change in the GSD of
disrupted grains as a function of the envelope distance, which is
shown in the right panel of Figure 15. The grain size varies
from ~0.05 ym at r = 3 R, to ~0.25 um at r = 17,000 Ry,
which is apparently higher than the mean grain size of the ISM
of 0.1 um (Cardelli et al. 1989).

The results found in Figure 15 illustrate the scenario of
driving outflows by two populations of grains at high-J and
low-J attractors based on the differences in dust-gas drift
velocity. The former shows the dominance of smaller grains
(i.e., a <0.1 yum) induced by RAT-D at the dust formation
zone, which are expelled more easily due to the radiation
pressure. These grains subsequently collide with gas molecules
and move at subsonic speed (see Section 2.5 in Tram et al.
2020). The latter shows the survival of large grains (i.e.,
a2 0.1 um) due to a longer disruption timescale, which
produces higher drift velocity and can achieve supersonic
speed (Tram et al. 2020). Consequently, RAT-D plays a
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significant role in defining grain properties and their depen-
dency on radiation fields to push materials into the ISM
environment.

However, the left panel in Figure 15 shows a slight deviation
between the modeled SED and the observed spectrum at
optical-NIR wavelengths. There are several factors that may
contribute to this difference. One factor could be the impacts of
the gaseous atmosphere, which can be caused by strong
absorption lines of heavy metal species (e.g., TiO and CN; see
Fay & Johnson 1973; Tsuji 1976; Lobel 2002) or the emission
by heating gas at the chromosphere region at the optical-UV
regimes (see Lim et al. 1998; Harper et al. 2001). Another
factor might be the presence of dense clumps due to a local
cooling, contributing to 3%-12% of the total mass loss of
Betelgeuse (Montarges et al. 2021). Unlike the continuous
envelope considered in this work, the clumpy structure is
expected to cause less extinction, which could improve our
model’s interpretations.

6.4. Model Limitations

This work is our first attempt to describe dust properties and
their impacts on stellar observations in the presence of RAT-D
from massive RSGs. Therefore, our model exhibits some
limitations, which are emphasized in this section.

First, our study adopts a simplified assumption on the
spherical geometry of the Betelgeuse envelope produced by
radiation pressure on dust grains (see Figure 2). This differs
from the asymmetric structures with dense clumps in recent
optical-NIR observations (e.g., Kervella et al. 2011;
Ohnaka 2014; Montarges et al. 2021), which can be a result
of mass ejection by large-scale convection in the stellar surface
(Freytag et al. 2002; Ren & Jiang 2020; Humphreys &
Jones 2022). As extensively studied in Giang et al. (2021), a
high concentration of gas inside clumps can enhance rotational
damping by gas collision with a shorter timescale (see
Equation (10)) and reduce the RAT-D efficiency. This can
probe the occurrence of large grains of a > 0.1 ym found in the
dusty clump of Betelgeuse and other RSGs (Scicluna et al.
2015; Cannon et al. 2021; Montarges et al. 2021).

Second, we consider the stellar emission as blackbody
radiation for the sake of simplicity. The model disregards the
contribution of a complex stellar atmosphere at optical-UV
wavelengths, as we describe in Figure 15 for the SED fitting.
These factors can improve the model with best-fit parameters
and help in interpreting deeper dust properties with various
environmental conditions of the evolved star envelopes.

Despite these limitations, we believe that consideration of
the RAT-D mechanism is essential in modeling radiative
feedback on circumstellar dust, and can provide a proper
insight to understand grain formation and evolution and their
effects on AGB/RSG observations.

7. Summary

This paper focuses on modeling the effects of rotational
disruption of circumstellar dust by RATs and exploring its
impact on photometric and spectroscopic observations of RSG
and AGB stars. The main findings of our study are summarized
as follows.

1. Assuming that large grains can form in the dust formation
zone, we find that the RAT-D mechanism can destroy
large grains and enhance smaller grains of agis; < @max.
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The mechanism can result in the modification of the GSD
with envelope distance, depending on both grain proper-
ties (i.e., sizes, internal structures, and rotational proper-
ties) and environmental properties (i.e., dust-to-gas mass
ratio).

2. With the GSD determined by RAT-D, we model the dust
extinction along the sightline toward Betelgeuse and
background stars. The steepness of the extinction curve is
related to the grain properties and the projected distance
of the LOS in the CSE.

3. We calculate the variation of the total-to-selective
extinction ratio Ry. The change in Ry correlates with
the change in the slope of the observed extinction due to
the modification of the GSD constrained by RAT-D.

4. We study the circumstellar dust reddening effects of
Betelgeuse. The observed stellar spectrum in UV-NIR
regions is enhanced as compared with the case without
dust disruption. Grain and environmental properties
modify the reddening level.

5. The effects of the RAT-D mechanism can be applied in
studying the extinction and reddening of AGB/RSG
stars, especially for interpreting the NUV excess in the
SEDs of RSGs. Thus, the RAT-D mechanism should be
considered in studies of the dusty envelopes around RSG
and AGB stars.

6. The effects of the RAT-D mechanism potentially
contribute to the probing of the spectral flux of
Betelgeuse observed by Fay & Johnson (1973). We find
that radiation-driven winds can be generated by both
small grains at high-J attractors and large grains at low-J
attractors with different dust—gas drift velocities.

7. The properties of the gaseous atmosphere and clumpy
structures in the Betelgeuse envelope possibly affect the
dust reddening and disruption. Detailed calculations with
more realistic characteristics of RSG envelopes are
required to investigate precisely the impacts of radiative
feedback and constrain proper circumstellar dust proper-
ties through stellar observations.
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Appendix A
Extinction per Column Density A ,/Ny

Figure 16 shows the normalized extinction curve A,/Ny,
where Ny = Jnyds is the hydrogen column density along the
LOS with two cases: z = 0 (from Betelgeuse) and z = 0 (from a
background star). One can see that the visual extinction Ay at
A =0.5448 increases with increasing Sy.x, which was used for
modifying the observed extinction curve A,/Ay in Section 5.2.
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Figure 16. Extinction curve A /Ny caused by dust grains along an LOS at z = 0 R, (through Betelgeuse, left panel) and z = 500 R, (through a background star, right
panel) at different values of Spax With a fixed @max = 0.5 pm and fhigh.; = 100%. The vertical line represents the visual extinction Ay at A = 0.5448 pm.
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Figure 18. Same as Figure 16 but for different positions z along the LOS. We consider dust grains with Sy.x = 10° erg cm ™3 (left panel) and Sy = 10° erg cm™

(right panel).

Similar to Figure 7, the figure shows an increase in optical-IR
extinction and a decrease in far-UV extinction for grains with
higher Sp.x, and the extinction in the right panel exhibits a
flatter slope than that in the left panel.

Figure 17 indicates the change in the extinction curve
A,/Ny with different values of the fraction fpeh., of grains at
high-J attractors between two cases of the LOS z=0 and
z#= 0 (considering a fixed S;,.x). As in Figure 8, the increased
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contribution of disrupted grain sizes (i.e., higher fyion-) leads
to a higher far-UV extinction and a lower optical-IR
extinction. The value of Ay increases with decreasing
Jhigh-7-

Figure 18 reveals an increase in the extinction curve A, /Ny
at higher positions z of a parallel LOS due to the survival of
larger grains caused by RAT-D, as also shown in Figure 9. The
visual extinction Ay is higher for larger z.



THE ASTROPHYSICAL JOURNAL, 936:101 (16pp), 2022 September 10

Appendix B
The UBVRI Photometric System

Table 2 describes the photometric bands from ultraviolet to
infrared in the UBVRI system, which were calibrated and
corrected by Bessell (1990). The marked colors and band-
widths A\ are used for setting the rectangular boundaries in
Figures 12, 13, and 14.

Table 2
The UBVRI Photometric System (Bessell 1990, 2005)
Photometric Effective Wave- Bandwidth Marked
Band length Aegr (um) AN (um) Color
U 0.3659 0.065 Purple
B 0.4363 0.089 Blue
Vv 0.5448 0.084 Green
R 0.6407 0.158 Red
1 0.7982 0.154 Orange
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