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Abstract

The composition and structure of interstellar dust are important and complex for the study of the evolution of stars
and the interstellar medium (ISM). However, there is a lack of corresponding experimental data and model
theories. By theoretical calculations based on ab-initio method, we have predicted and geometry optimized the
structures of Carbon-rich (C-rich) dusts, carbon (12C), iron carbide (FeC), silicon carbide (SiC), even silicon (28Si),
iron (56Fe), and investigated the optical absorption coefficients and emission coefficients of these materials in 0D
(zero-dimensional), 1D, and 2D nanostructures. Comparing the nebular spectra of the supernovae (SN) with the
coefficient of dust, we find that the optical absorption coefficient of the 2D 12C, 28Si, 56Fe, SiC and FeC structure
corresponds to the absorption peak displayed in the infrared band (5–8) μm of the spectrum at 7554 days after the
SN1987A explosion. It also corresponds to the spectrum of 535 days after the explosion of SN2018bsz, when the
wavelength was in the range of (0.2–0.8) and (3–10) μm. Nevertheless, 2D SiC and FeC correspond to the
spectrum of 844 days after the explosion of SN2010jl, when the wavelength is within (0.08–10) μm. Therefore,
FeC and SiC may be the second type of dust in SN1987A corresponding to infrared band (5–8) μm of dust and
may be in the ejecta of SN2010jl and SN2018bsz. The nano-scale C-rich dust size is ∼0.1 nm in SN2018bsz,
which is 3 orders of magnitude lower than the value of 0.1 μm. In addition, due to the ionization reaction in the
supernova remnant (SNR), we also calculated the Infrared Radiation (IR) spectrum of dust cations. We find that the
cation of the 2D layered (SiC)2+ has a higher IR spectrum than those of the cation (SiC)1+ and neutral (SiC)0+.
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1. Introduction

Dust plays an important role in the interstellar medium
(ISM). It absorbs optical and ultraviolet (UV) radiation and
emit into infrared, and it also affects the spectral energy
distribution in the cosmic environment (e.g., Gould et al. 1963;
Cazaux & Tielens 2004). Dust is known to form in supernova
remnant (SNR) that is rich in heavy elements, in the stellar
wind of asymptotic giant branch (AGB) stars, and in nova
ejecta for theoretical research (Zhu et al. 2013; Iliadis et al.
2018; Bose & Starrfield 2019; Duolikun et al. 2019; Zhu et al.
2019; Gail et al. 2020; Lugaro et al. 2020). Recent years
observations indicate that dust can be effectively formed in
supernovae (SN) ejecta (Barlow et al. 2010; Dwek et al. 2010;
Gomez et al. 2012; Indebetouw et al. 2014; Bevan &
Barlow 2016; De Looze et al. 2017; Sarangi et al. 2018; Rho
et al. 2021), a large number of observation strategies have

obtained the high dust mass between∼0.1Me and 1Me (Dunne
et al. 2009; Sibthorpe et al. 2010; Bevan et al. 2017; De Looze
et al. 2017; Priestley et al. 2019). The dust contribution of
massive stars to ISM mainly includes silicate and Carbon-rich
(C-rich) dust, and it includes heavy elements 12C, 14N, 16O,
24Mg, 26Al, 28Si, 56Fe. In particular, 12C, 28Si and 56Fe are
more abundant, which heavy−element abundance can
reach∼10−4

–10−2. The initial mass range of massive stars is
[10–30]Me, and the metallicity is [Fe/H=−2], the abundance
of the heavy elements 12C, 14Si, and 56Fe is in the range
∼[0.028–0.9], [0.001–0.006], [0.0001–0.002], respectively.
The corresponding output of the ejecta reaches [0.1–0.7],
[0.09–0.15], and [0.009–0.05] Me, respectively (Ercolano et al.
2007; Draine 2009; Zhang et al. 2016; Marassi et al. 2019; Wu
et al. 2021). Moreover, iron can be used in the study of dust
growth in ISM, which would be consumed more heavily in
warm neutral media (WNM), iron is the opposite of silicon
(Zhukovska et al. 2016). Although the signature spectral
feature of SiC has not been detected in supernovae to date,
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Deneault (2017) presented a kinetic model of the formation of
silicon carbide (SiC) in the expanding and cooling outflows of
Type II supernova ejecta, and found that when the C/Si ratio is
close to unity, 0.1 and 10, the abundance of SiC is between
10−9 and 10−11. Furthermore, Kodolányi et al. (2018) used
transmission electron microscopy (TEM) to study micron-sized
(0.99× 0.66–2.23× 1.64 μm2) SiC from the SN dust, and
there are enough heavy elements 12C, 28Si to condense into SiC
dust in the SNR. In addition, the sub-grain with high 56Fe
content and large 28Si loss may be 56Fe metal, while the sub-
grain with 28Si enrichment or small 28Si loss may be 56Fe
silicide (Singerling et al. 2021). Here, we believe that this type
of 56Fe metal tends to be 56Fe and FeC.

The formation of carbides (e.g., SiC, Fe3C) can be predicted
by thermodynamic equilibrium calculation for given temper-
ature, pressure, and C/O ratio in the circumstellar materials
(CSMs), including AGB star and Core-collapse supernovae
(CCSNe) (Lodders & Fegley 1995; Sharp & Wasserburg 1995;
Hoppe et al. 2001; Singerling et al. 2021). The size, shape and
corresponding energetics of the dust grains are indispensable
information for these calculations. For the hypothetical
astronomical silicon dust temperature is higher than the
condensation temperature ∼1000 K (Nozawa et al. 2003). Gail
& Sedlmayr (1999) studied the limit of the dust condensation
zone temperature (900–1300 K) corresponds to the sublimation
temperature outflow at low pressure (10−9

–10−12bar). In order
to keep the problem simple, Mathis et al. (1977) assumed that
the particles are spherical and have a size distribution of
(0.005–0.25) μm. Nozawa et al. (2003) showed that the newly
formed dust is mainly graphite or amorphous carbon. In
addition, when the radius is 0.1 μm, the condensation
temperature of C-rich dust is ∼(1300–1350) K, and the
formation temperature of Fe3C is between 1200 K and 1500 K
(Singerling et al. 2021).

Dwek et al. (2010) found via Spitzer satellite that silicate
dust is best suited for the evolution of (8–30) μm spectrum and
time data. The Infrared Radiation (IR) spectrum (6000–8000
day) also shows the presence of very small and thermal
(T∼ 350 K) secondary dust, the dust is likely to coexist with
silicate in the SNR. Until now, the origin of this emission
component is an unsolved problem. The temperature of the
secondary dust component is significantly higher than that of
the silicate grains, ranging from 370 K (iron dust) to 460 K (C-
rich dust). Therefore, FeC and SiC dust is likely to be present in
the SNR. According to the above description, we ignored the
temperature and pressure, because these factors are very low.

Here, we simulate the nano-layered structure of FeC and SiC
in 0D, 1D and 2D in the SNR, the structures of dust including
metallic needles (Dwek 2004), multi-layered particles
(Voshchinnikov et al. 2017), hydrogenated nanotubes (HNT)
molecular growth (Chen & Li 2019), spherical (Fischera 2004;
Demyk et al. 2017; Gail et al. 2020). Marassi et al. (2019) and
Kirchschlager et al. (2020) groups have studied the dust mass

in the SNR, furthermore, some groups research the spectral of
the iron and silicates dust (Maldoni et al. 2005; Gail et al.
2020).
The radiation output of SN 1987A is mainly powered by the

radioactive decay energy in the ejecta, which is affected by the
interaction of its shock wave with the inner equatorial ring
(ER). The ER may be formed by mass loss during the evolution
of stars (Heger & Langer 1998). We do not consider the factors
affecting dust radiation, because the mechanism has not been
perfected and recognized. Noted that the total mass of dust
particles (Md), κν and temperature (Td) are positively correlated
with the dust heat flux emission Fν, and the dust mass
absorption coefficient (κν) depends on the dust type and size
distribution (Maeda et al. 2013). We thus consider the
absorption coefficient (α) and the emission coefficient (E) of
the C–rich dust in the SNR, and estimated the radiant flux of
C-rich dust.
In SN 2010jl, dust formation can only commence after day

∼380 (Sarangi et al. 2018). Chen et al. (2021) propose that
Super Luminous Supernova (SLSN) 2018bsz can form new
dust in the ejecta more than 200 days after the SN explosion.
SN 2018bsz is the first to prove the presence of dust in SLSN
ejecta. The carbon dust output can reach 10−2 Me in 535 days
after the SN explosion. The SN forward shock wave is
sufficient to heat and ionize the CSM, which will generate a
very strong ionizing radiation flux (Sarangi et al. 2018). The
energy of the interaction between the CSM and the shock wave
depends on the SN photosphere (Fransson et al. 2014). The pre-
existing dust in the CSM can be formed in cooling gas after the
post-shock. According to photoionization by the central star,
Ota (2019) predicts the vibrational spectra of ionized graphene
and fullerene (C60), and their results are in reasonable
agreement with laboratory experiments.
Chen & Li (2019) studied the IR vibrational spectra of HNT

and their cations, Devi et al. (2020), Zhang et al. (2020), and
Hanine et al. (2020) researched the IR spectra of five and six
membered ring PAH, respectively. However, few research
groups use first principles to study the correlation between the
IR spectrum of the different structures of C–rich dust and the
SN spectrum. Through this method, we can obtain more
accurate and reliable dust structure, composition and size, and
better study the mass of dust, interstellar extinction from the
CSM (Schlafly & Finkbeiner 2011; Dhar & Das 2017; Chen
et al. 2021). Therefore, it is necessary to study whether the C–
rich dust structures of different dimensions are related to the
spectrum of SNR. This is also conducive to later observations
on the structure and shape of dust.
The physical environment for the formation of dust is a very

complex and difficult content. In this paper, we ignore some of
the factors and focus on the influence of dust structure and
composition on the spectrum. In Section 2; the relevant
physical parameters of the dust model are mainly explained.
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The detailed results are discussed in Section 3. Section 4 is the
main conclusion.

2. Model

We use the open–source CALYPSO (Crystal structure
AnaLYsis by Particle Swarm Optimization, version 6.0)
software to acquire the initial structure of C–rich dust (Wang
et al. 2010; Su et al. 2017; Yin et al. 2020). Then we predict
stable or metastable nanostructures based on the chemical
composition given by CALYPSO interfaced with Vienna Ab–
initio Simulation Package (VASP).

Parameters for 2D structure prediction (2D= T). In addition,
the Ialgo is 2 for local Particle Swarm Optimization (PSO).
Local optimization increases the cost of each structure, but it
effectively reduces efficiency, enhances the comparability
between different structures, and provides a local optimal
structure for use. The PSO algorithm can predict reliable
ground state and metastable structures, generate symmetry
structure, and then conduct the elimination of similar structures
to obtain the initial dusty geometric structure. When the
temperature T= 0 K, we take the enthalpy of the free energy
reduced to the locally optimized structure as the fitness function
of the calculation simulation. The atomic coordinates and
lattice parameters are locally optimized, and a large number of
the worst structures are eliminated. The structure below has
entered the next–generation structure prediction through PSO
(Wang et al. 2010). We predicted (FeC)0+ and (SiC)0+ (four
formula unit per cel) structures with the only input information
of chemical composition. The population size is set to 30 (Luo
et al. 2011; Wang et al. 2010). The distance between two
adjacent layers is 2 (Layer Gap= 2Å). The total energy is
calculated from the beginning with 0 K and 0 GPa, so the free
energy is reduced to enthalpy (Wang et al. 2010). In the PSO
local search, the structure in the phase space can be regarded as
a particle, the structure composed of a group of particles is
called a population or generation, and the particle position is
mainly updated by the following equation:

x x , 1i,j
t 1

i,j
t

i,j
t 1 ( )n= ++ +

where x and ν represent position and velocity of an atom,
respectively, i is the exponent of the atom, j is the dimension of
the structure, and t is the generation index (Luo et al. 2011).

Moreover, the parameter settings for VASP are as follows:
the energy convergence of standard is 1× 10−6 eV, the
Hellmann-Feynman forces of standard is �1× 10−2 eV/Å, the
vacuum layer is 20Å along the z direction (Zhang et al. 2018;
Yao et al. 2021). The unit cell of FeC/SiC crystal is in panels
(a), (e), and (i) of Figure 1, and the optimized lattice constants
are calculated as a= b= c= 3.382Å, a= b= c= 2.611Å,
and a= b= c= 4.379Å, respectively. Lattice angles are
α= β= γ= 90°. Here, the vacuum layer is order to prevent
the dust structure from reacting with other structural units. In

the PSO simulations, via the density functional theory (DFT)
based on the plane-wave calculations, we optimized the
structures and calculated the related physical quantities (Luo
et al. 2011). The k-point grid in the Brillouin zone is set to
1× 1× 1 for static calculation. The calculation is based on the
iterative method of Kohn–Sham, and the plane wave of the
projected wave pseudopotential is concentrated on the DFT
equation (Kohn & Sham 1965). In this paper, the calculation
function is Perdew–Burke–Ernzerhof (PBE), the generalized
gradient approximation function of exchange correlation, and
the cut−off energy of the plane wave is 400 eV (Rani et al.
2014; Lin et al. 2016; Yao et al. 2021). Two dimensional
structures are constructed by 5× 5 supercell for 32(FeC)0+

(Consisting of 32 atoms is electrically neutral dust), and 4× 4
supercells for 85(SiC)0+, and 72(Si)0+. The linear optical
properties of dust can be obtained from the frequency-
dependent complex dielectric function:

i , 21 2( ) ( ) ( ) ( )e w e w e w= +

where ε1(ω) and ε2(ω) are the real and imaginary parts of the
dielectric function, and ω is the photon frequency. Absorption
coefficient α(ω) is:

c

2
, 31

2
2

2
1

1
2( ) [ ( ) ( ) ] ( )a w

w
e w e w e= + -

here, c is the speed of light. The reflectivity R(ω) is calculated
by this formula:

R
n K

n K

1

1
, 4

2 2

2 2
( ) ( )

( )
( )w =

- +
+ +

where n and K are the real and imaginary parts of the refractive
index, respectively (Wang et al. 2019; Yao et al. 2021; Rani
et al. 2014). Regarding the ionization state of dust, the total
number of electrons is set to randomly lose one or two
electrons in VASP.
In the FeC model, the optimized Fe-C bond length is

(1.82–1.86) Å, it is close to the value in the FeC2 structure
(1.84–2.11) Å(Zhao et al. 2016). For the SiC model, the
optimized Si-C bond length is (1.89–1.92) Å, which is 1.8Å in
the work of Zheng et al. (2011). Moreover, we calculated the
stability of the cohesive energy verification structural model,
through the formula:

E nE mE E n m , 5ccoh fe si tol( ) ( ) ( )= + - +

where Efe/si, Ec, and Etol are the energy of a single 56Fe/28Si
atom, 12C atom and total energy of the monolayer FeC/SiC
structure, respectively. These n and m are the number of
56Fe/28Si and 12C atoms in the monolayer structure, respec-
tively. The calculated cohesive energy of per atom of FeC and
SiC is 7.13 eV and 6.61 eV, respectively. The positive values
indicate that the cohesive process is exothermic, and which are
larger than the cohesive energy 5.76 eV per atom of tetragonal-
FeC (t-FeC) and 5.59 eV per atom of orthorhombic-FeC
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(o-FeC), Be5C2 (per atom 4.58 eV), and Be2C (per atom
4.86 eV) (Li et al. 2014; Wang et al. 2016; Fan et al. 2020).
Therefore, such a high cohesion can keep the FeC and SiC
monolayer structures as a stability connection network.

3. Results

We calculated the optical coefficients of different structures
of 56Fe, 28Si, 12C, FeC, and SiC from nanoparticles, in order
to discuss the contribution of the structure and composition of
dust spectrum of massive stars. Specifically, we compared
and analyzed the light absorption coefficient and emission
coefficient of different types of dust, and the IR spectrum with
the observation data in the work of Dwek et al. (2010) (SN
1987A), Sarangi et al. (2018) (SN 2010jl), and Chen et al. (2021)
(SN 2018bsz). The IR spectrum with ionization conditions of the
C-rich dust is consistent with the observed and theoretical values
within a certain wavelength range.

3.1. IR Spectrum of C-rich Dust

Figure 1 shows the predicted structures of 0D 32(FeC)0+-Z
in (b) structure model, 1D 12(FeC)0+-O in (c) structure model
and 2D 36(FeC)0+-T in (d) structure model. (e) model is
10(Fe4C)

0+ structure, (f) model is 23(C)0+-T structure, (g) and
(h) models are 16(Fe)0+ and 72(Si)0+, respectively. The initial
model of SiC is (i) model, (j), (k), (l) models respectively
represent a 0D 91(SiC)0+-Z structure, a 1D 18(SiC)0+-O
structure and a 2D 85(SiC)0+-T structure. In the legend below:
12C, 28Si, 56Fe atoms are shown as brown, blue, and orange
colors, respectively. We choose the initial models FeC and
Fe4C, which are generated in the second generation [(a)
model], seventh generation [(e) model] in the left Figure 1,
respectively. And SiC is generated in the sixteenth generations
[(i) model]. 23(C)0+-T (f) model comes from the work of Ota
(2019), Otsuka et al. (2016) indicated that small carbon
clusters, small graphite flakes or fullerenes have the ability to
form very small clusters. According to astronomically
observed, the infrared spectrum (IR) in the planetary nebula
Tc 1 coincides with the neutral C60 vibration spectrum (Kroto
& McKay 1988; Cami et al. 2010; Otsuka et al. 2016;
Ota 2019). The 16(Fe)0+-T (g) and 72(Si)0+-T (h) models are
built with Virtual NanoLab with Atomistix ToolKit (VNL–
ATK, version 2017) (Liu et al. 2018; Yi et al. 2018).

Figure 2(a) compares the IR spectrum of SN2010jl after the
explosion of SN 844 days with that of silicate (black dotted
line) and carbon (red dotted line) dust. C-rich dust in the near-
infrared and mid-infrared bands ∼(0.08–10) μm fits well with
observations, while silicate dust matches well in wavelengths
between 1 μm and 10 μm. The orange curve in panel (b) is
taken from the work of Dwek et al. (2010). Their SN1987A IR
spectrum 7554 days after the SN explosion is compared with
the total IR spectrum of silicate (black dotted line), C-rich dust
(red dotted line), iron (blue dotted line), silicate and the second

type of dust (green dotted line). Obviously, the IR spectrum of
ER in a single component in dust can fit well with the 180 K IR
spectrum and the astronomically spectrum of silicate, espe-
cially at wavelengths over (5–8) μm. It is also shown that the
IR spectrum of the single component 56Fe and 12C dust is fit
well with wavelengths less (5–8) μm. Nevertheless, in the
wavelengths of (5–8) μm, we find that there is a small gap
between the IR spectrum of SN1987A and dust. The absorption
spectrum of our 85(SiC)0+-T is basically consistent with that of
3C-SiC that of Fan et al. (2018) at peaks of wavelength 0.1,
0.15, 0.2 μm. Dwek et al. (2010) proposed that there is a
second form of dust. As we can see, the absorption coefficient
is inversely proportional to the radiation intensity. This is
consistent with the thermal radiation relation proposed by
Kirchhoff (1860),

E
e, 6( )

a
=

where E is the emission coefficient, α is the absorption
coefficient, and e is equal to:

e I
s

, 71 2
2

( )w w
=

where I is a function of wavelength and temperature I (λ, T),
the value of e depends on the shape and relative position of the
openings ω1 and ω2, which refer to the projection of the
opening on the plane perpendicular to the observation axis. s is
the distance of the opening. Furthermore, according to the
works of You (1998), Rybicki & Lightman (1979), and Shu
(1991), when the optical depth is close to infinitely small, then
the above formula is satisfied (F is the flux of the dust):

E
F, 8( )

a
=

Figure 3 shows the correlation between emission
coefficient of our C-rich dust and the SN radiation flux.
Obviously, the correlation satisfies the proportionality sug-
gested by Equation (8), as indicated by the peaks at the
wavelength of 0.4, 2.5, 10 μm. While light shines on a
smoother material surface, the reflected light will be stronger,
then the reflectivity will increase to (0.8–0.9). The photons
emitted from the SN cause light echoes by scattering (Yang
et al. 2017), the light echoes are the radiation phenomenon
formed by the reflection of the stellar light on the surface of the
dust. Fan et al. (2018) believe that as the stellar light travels
longer, the SN radiant flux and echo are both higher at shorter
wavelengths. Here, we make the reflectivity of the dust
approximately equal to the emissivity of the dust. Our
85(SiC)0+-T emission spectrum is also basically consistent
with the 3C-SiC emission spectrum of Fan et al. (2018) at the
peaks of wavelength 0.14, 0.15, 0.25 μm.
Figure 4 shows that the SN spectrum and the C-rich dust

spectrum are in good agreement, especially with the SN1987A
spectrum. There is a good overlap at the wavelength of
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(5–8) μm, such as the wavelength range corresponding to the
blue star symbol. Therefore, there is likely to be a 2D or 1D
structures of (SiC)0+ or (FeC)0+ in the remnant of SN1987A.
In particular, the spectrum of the 2D structure is more
compatible with the observation than the spectrum of the 0D
and 1D structures. However, 32(FeC)0+ has a higher error in its
0D structure. This may be attributed to the small size of dust
clusters in our calculations. In Figures 4(c) and (f), referring to
the flux of SN1987A, we calculate the radiant flux of dust
based on Equation (8), that the size of dust clusters in the SNR
is 900 times of C-rich dust, the initial length range is
(0.1–0.8)Å, the size of the dust close to (9–72) nm, which is
exactly in the range (4.5Å–0.3 μm) of dust size given by
Draine et al. (2021) and Lugaro et al. (2020). The radius of the

star-shaped silicate sphere and carbonaceous sphere with a
wavelength range from λ= 0.1 μm to λ= 4 μm is about
0.0005 μm to 0.5 μm (Draine 2011), and dust r∼ 0.1 μm
(Todini & Ferrara 2001). In Figures 4(d) and (e), in the flux of
SN2010jl, because the flux of SN2010jl has ν Flux, then again,
we assumed that the frequency of dust per unit time is
1.11× 10−9 times of flux. Obviously, the 2D layered structure
dust and the small dust cluster 10(Fe4C)

0+ are in good
agreement with the SN1987A spectrum in the wavelength
range of (2–8) μm, followed by the 0D and 1D (SiC)0+ and
(FeC)0+ structures. In addition, in Figure 4(d), the 1D (FeC)0+

and (SiC)0+ structures in the wavelength range of
(0.4–1.2) μm, with peaks of 3.5, 4.5, 8, 9 μm, and SN2010jl
spectra are in good agreement. In Figure 4(e), 23(C)0+-T and

Figure 1. The initial structure of (FeC)0+ dust is (a) model, based on (a) structure, we have established zero-dimensional (0D) to two-dimensional (2D) structures (See
Figure 1 for explanation).
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10(Fe4C)
0+ are fit well with SN2010jl spectral in the

wavelength range of (0.2–0.5) μm and the peak values are 1,
3, 10 μm. In Figure 4(f), 23(C)0+, 16(Fe)0+, 85(SiC)0+, and
72(Si)0+ 2D models and the spectrum of SN1987A
(Figure 4(b)) are in good agreement in the wavelength range
of (1.6–8.0) μm. There are still gaps in some data, which may
be caused by errors in the parameters of our model, for
example, we have ignored the temperature, pressure, etc.

3.2. IR Spectrum of C-rich Dust in Ionized State

In diffuse ISM, the density of UV photons is proportional to
the electronic density of states, but the speed of photons is
always much faster than electrons. The photoionization of the
central star will cause a large number of escaped photons. If the
rate of photon absorption is greater than that of electrons
colliding with particles, photoelectric charging can drive
particles to a positive potential, thus the particles are
electropositive. If there is not enough energy to overcome the
potential of positively charged particles, it will result in
Coulomb focusing increases in the electrons collision of crystal
dust (Draine 2011). Therefore, we also study and analyze the
spectral distribution of C-rich dust in the ionized state.

Figures 5 and 6 show the radiation spectra of the 1D and 2D
dust with +1 or +2 charge states. In the legend of Figure 5 (a),

91(SiC)0+-Z is an electrically neutral dust, 91(SiC)1+-Z and
91(SiC)2+-Z are dust structures that lose one and two electrons
after ionization, respectively. We find that most of the structure
is basically consistent, except that the structure of 32FeC-Z is 1
order of magnitude lower than the observed results. The
spectrum of the 1D structure matches the SN2010jl spectrum,
and the 2D dust spectrum fits well with the SN1987A
observation data. But the radiation spectrum of 1D and 2D
C-rich dust are basically consistent with the SN2018bsz
spectrum when the band range are (0.3–0.7) μm and
(3.5–10) μm. The spectrum of SN2018bsz also shows that
C II emission lines are observed at wavelengths of 0.59, 0.66,
and 0.72 μm, respectively (Anderson et al. 2018). In
Figures 5(d)–(f), in our work, the size of the dust is the initial
size of the model (0.1–0.8)Å. However, the dust size given by
Chen et al. (2021) is 0.1 μm. Therefore, we believe that there
may be nano−scale C-rich dust in the remnants of SN2018bsz.
The results of the SiC dust structure are in good agreement with
the observations, the difference between the neutral and the
charged states is minor. One reason could be that the Fe-rich
dust is more active than the Si-rich dust, and that the interaction
between particles is stronger, which leads to easier electron loss
and enhances emission coefficient, but its absorption coefficient
increases more strongly, and eventually lead to a lower IR

Figure 2. Panels (a), (b) are from the work of Sarangi et al. (2018) and Dwek et al. (2010). Y-axis: flux is the radiant flux of the star or dust. X-axis: λ (μm) is the
infrared radiation (IR) wavelength. In the legend of panel (c), the red color dotted-line represents the light absorption spectrum of 91(SiC)0+-Z with 0D structures.
Here, α on the Y-axis represents the absorption coefficient. In our work, we find that the light absorption peaks of panels (c)–(f) in C-rich dust matches the peak of
Sarangi et al. (2018) radiation spectra (green plus sign), and Dwek et al. (2010) (blue star symbol), respectively.
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Figure 3. Similar to the Figure 2, we show that the peaks of the light emission spectrum of (c)–(f) (0D-2D) C-rich dust are coincide with the IR spectra of Sarangi et al.
(2018) (yellow-green plus sign), and Dwek et al. (2010) (green star symbol). Here, E on the Y-axis represents the emission coefficient.

Figure 4. The IR spectrum of C-rich dust in different dimensions is compared with the spectrum observed SN1987A and SN2010jl. It can be seen that they are in good
agreement. Subgraphs (c)−(f) are our work.
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Figure 5. Due to the ionization in the SNR, the IR spectrum of dust has obvious changes. We compare the IR spectrum of 0D and 2D dust with the IR spectrum of
SN1987A and SN2018bsz in panels (a)–(c) and (d)–(f), respectively. The green circle represents the galactic extinction radiation flux observed by SN 2018bsz. The
black solid line is the radiant flux of the new dust 535 days after the SN ejection predicted by Chen et al. (2021).

Figure 6. Similar to Figure 5, in the case of ionization, the radiation spectra of 1D/2D C-rich dust structures are compared with the radiation spectra of SN1987A,
SN2010jl, and SN 2018bsz, respectively.
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spectrum. In contrast, both of the 2D dusts 16Fe-T and 36Fe-T
with charge of plus one and plus two have higher radiation flux
than the electrically neutral dusts, but the 1D 12FeC-O
structure is the opposite. In Figures 7(c) and (e), the light
absorption coefficient and emission coefficient of the 2D
structure are higher than those of the 1D structures. The larger
the surface area of the 2D structure, and the greater the
probability of photons being emitted, lead to flux increase in
the final IR spectrum. Moreover, in Figure 7(e), it is seen that
the emission coefficients of the 36FeC-T structure with a
charge of 0, plus one and plus two basically remain almost
unchanged. However, in Figure 7(c), the absorption coefficient
of the structure is broadened, and the 36FeC-T dust has a lower
absorption coefficient with a charge of +2. Equation (8)
indicates that the radiation flux and the absorption coefficient
are inversely proportional for a constant and the emission
coefficient remains constant. With the increasing of the number
of dust charges in the ionized state, the 1D 12FeC-O dust
emission coefficient decreases faster than the absorption
coefficient, which ultimately leads to a decrease in radiant flux.

4. Conclusions

In this paper, we obtained the IR spectra of C-rich dust both
in neutral and ionized states through DFT calculations. Those

spectra are compared with the SN observed IR spectrum in the
band (0.08–10 μm).
First, our results indicate that C-rich dust with 2D layered

structure has higher radiation flux than those of 0D and 1D
structures. That is the IR spectrum with a larger side length
(∼72 nm) of dust has higher radiant flux, while a smaller side
length (∼9 nm) is the opposite. In the remnants of SN2018bsz,
there is most likely the dust of nano−scale C-rich (∼0.1 nm).
Second, we propose that the remnant of SN1987A may have a
2D or 1D structure of the second dual-component dust SiC or
FeC. Third, 1D structure of the second dual-component dust
SiC or FeC, 2D structure single-component dust 23C-T, and
small clusters of dust 10(Fe4C) may exist in the SN1987A and
SN2010jl. The spectrum of C-rich dust is more consistent with
the spectrum of SN2018bsz both in the bands (0.3–0.7) μm and
(3.5–10) μm.
Finally, for the dust in ionized states, 2D dust with +2

charge has higher radiation flux than the electrically neutral
dust. On the contrary, the 1D 12FeC-O structure of the dust is
the opposite. Our results would contribute to the more precise
size and optical properties of C-rich dust, and provide
theoretical support for later dust observations in the SNR. This
calculation is of great significance for the future budget of the
output of stellar dust, galaxy dust, and the influence of dust
extinction on observations. For example, it can serve as a

Figure 7. Subgraphs (c) and (f) show the light absorption spectra of the 2D structure (36FeC-T, 72Si-T, 85SiC-T) and the 1D structure (12FeC-T) in the ionized state
from 0 to +2 charge, while subgraphs (d) and (e) correspond to the emission coefficients of the above dust structure. At the same time, it also has corresponding peak
value with the SN spectrum (SN2010jl and SN1987A).
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reference for dust observations by the James Webb Space
Telescope (JWST), the Large Sky Area Multi−Object Fiber
Spectroscopy Telescope (LAMOST), and the upcoming China
Space Station Optical Survey Telescope (CSST).

Acknowledgments

We are very grateful to professor Zhanwen Han and
Zhengwei Liu from Yunnan Astronomical Observatory of the
Chinese Academy of Sciences (YNAO) for their contributions
and help in this article. We are grateful for resources from the
High Performance Computing Center of Central South Uni-
versity. This work received the generous support of the
Independent Innovation Project for Postgraduates of Central
South University No. 160171008. The National Natural Science
Foundation of China, project Nos. 11763007, 11863005,
11803026, and U2031204. In the end, we would also like to
express our gratitude to the Natural Science Foundation of
Xinjiang No. 2021D01C075.

ORCID iDs

Ju-Jia Zhang https://orcid.org/0000-0002-8296-2590

References

Anderson, J. P., Pessi, P. J., Dessart, L., et al. 2018, A&A, 620, A67
Barlow, M. J., Krause, O., Swinyard, B. M., et al. 2010, A&A, 518, L138
Bevan, A., & Barlow, M. J. 2016, MNRAS, 456, 1269
Bevan, A., Barlow, M. J., & Milisavljevic, D. 2017, MNRAS, 465, 4044
Bose, M., & Starrfield, S. 2019, ApJ, 873, 14
Cami, J., Bernard-Salas, J., Peeters, E., & Malek, S. E. 2010, Sci, 329,

1180
Cazaux, S., & Tielens, A. G. G. M. 2004, ApJ, 604, 222
Chen, T., & Li, A. 2019, A&A, 631, A54
Chen, T. W., Brennan, S. J., Wesson, R., et al. 2021, arXiv:2109.07942
De Looze, I., Barlow, M. J., Swinyard, B. M., et al. 2017, MNRAS, 465, 3309
Demyk, K., Meny, C., Leroux, H., et al. 2017, A&A, 606, A50
Deneault, E. 2017, ApJ, 843, 57
Devi, G., Buragohain, M., & Pathak, A. 2020, P&SS, 183, 104593
Dhar, T. K., & Das, H. S. 2017, RAA, 17, 118
Draine, B. T. 2009, in ASP Conf. Ser., 414, Cosmic Dust—Near and Far, ed.

T. Henning, E. Grün, & J. Steinacker (San Francisco, CA: ASP), 453
Draine, B. T. 2011, Physics of the Interstellar and Intergalactic Medium

(Princeton, NJ: Princeton Univ. Press)
Draine, B. T., Li, A., Hensley, B. S., et al. 2021, ApJ, 917, 3
Dunne, L., Maddox, S. J., Ivison, R. J., et al. 2009, MNRAS, 394, 1307
Duolikun, A., Zhu, C., Wang, Z., et al. 2019, PASP, 131, 124202
Dwek, E. 2004, ApJL, 611, L109
Dwek, E., Arendt, R. G., Bouchet, P., et al. 2010, ApJ, 722, 425
Ercolano, B., Barlow, M. J., & Sugerman, B. E. K. 2007, MNRAS, 375, 753
Fan, D., Chen, C., Lu, S., et al. 2020, ACS Appl. Mater. Interfaces, 12, 30297
Fan, M. H., Cen, W. F., Cai, X. M., Liao, Y. F., & Xie, Q. 2018, Rengong

Jingti Xuebao/Journal of Synthetic Crystals, 47, 1346
Fischera, J. 2004, A&A, 428, 99
Fransson, C., Ergon, M., Challis, P. J., et al. 2014, ApJ, 797, 118
Gail, H. P., & Sedlmayr, E. 1999, A&A, 347, 594
Gail, H-P, Tamanai, A., Pucci, A., & Dohmen, R. 2020, A&A, 644, A139
Gomez, H. L., Krause, O., Barlow, M. J., et al. 2012, ApJ, 760, 96
Gould, R. J., Gold, T., & Salpeter, E. E. 1963, ApJ, 138, 408

Hanine, M., Meng, Z., Lu, S., et al. 2020, ApJ, 900, 188
Heger, A., & Langer, N. 1998, A&A, 334, 210
Hoppe, P., Lodders, K., Strebel, R., Amari, S., & Lewis, R. S. 2001, ApJ,

551, 478
Iliadis, C., Downen, L. N., José, J., Nittler, L. R., & Starrfield, S. 2018, ApJ,

855, 76
Indebetouw, R., Matsuura, M., Dwek, E., et al. 2014, ApJL, 782, L2
Kirchhoff, G. R. 1860, AnPhy, 185, 275
Kirchschlager, F., Barlow, M. J., & Schmidt, F. D. 2020, ApJ, 893, 70
Kodolányi, J., Vollmer, C., Hoppe, P., & Müller, M. 2018, ApJ, 868, 34
Kohn, W., & Sham, L. J. 1965, PhRvA, 140A, 1133
Kroto, H. W., & McKay, K. 1988, Natur, 331, 328
Li, Y., Liao, Y., & Chen, Z. 2014, Angew. Chem., Int. Ed., 53, 7248
Lin, L., Li, X., Zhang, B., Zhang, Z., & He, M. 2016, J. Chinese Ceramic

Society, 44, 6
Liu, N., Zhao, J., & Zhou, S. 2018, Acta Phys. Chim. Sin., 35, 10
Lodders, K., & Fegley, B. J. 1995, Metic, 30, 661
Lugaro, M., Cseh, B., Világos, B., et al. 2020, ApJ, 898, 96
Luo, X., Yang, J., Liu, H., et al. 2011, JACS, 133, 16285
Maeda, K., Nozawa, T., Sahu, D. K., et al. 2013, ApJ, 776, 5
Maldoni, M. M., Ireland, T. R., Smith, R. G., & Robinson, G. 2005, MNRAS,

362, 872
Marassi, S., Schneider, R., Limongi, M., et al. 2019, MNRAS, 484, 2587
Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425
Nozawa, T., Kozasa, T., Umeda, H., Maeda, K., & Nomoto, K. 2003, ApJ,

598, 785
Ota, N. 2019, arXiv:1904.10140
Otsuka, M., Kemper, F., Leal-Ferreira, M. L., et al. 2016, MNRAS,

462, 12
Priestley, F. D., Barlow, M. J., & De Looze, I. 2019, MNRAS, 485, 440
Rani, P., Dubey, G. S., & Jindal, V. K. 2014, PhyE, 62, 28
Rho, J., Evans, A., Geballe, T. R., et al. 2021, ApJ, 908, 232
Rybicki, G. B., & Lightman, A. P. 1979, Radiative Processes in Astrophysics

(New York: Wiley)
Sarangi, A., Dwek, E., & Arendt, R. G. 2018, ApJ, 859, 66
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Sharp, C. M., & Wasserburg, G. J. 1995, GeCoA, 59, 1633
Shu, F. H. 1991, The Physics of Astrophysics. Volume 1: Radiation (Mill

Valley, CA: University Science Books)
Sibthorpe, B., Ade, P. A. R., Bock, J. J., et al. 2010, ApJ, 719, 1553
Singerling, S. A., Liu, N., Nittler, L. R., Alexander, C. M. O’D, &

Stroud, R. M. 2021, ApJ, 913, 90
Su, C., Lv, J., Li, Q., et al. 2017, J. Phys. Condens Matter, 29, 165901
Todini, P., & Ferrara, A. 2001, MNRAS, 325, 726
Voshchinnikov, N. V., Henning, T., & Il’in, V. B. 2017, ApJ, 837, 25
Wang, V., Xu, N., Liu, J., Tang, G., & Geng, W. 2019, arXiv:1908.08269
Wang, Y., Li, F., Li, Y., & Chen, Z. 2016, NatCo, 7, 11488
Wang, Y., Lv, J., Zhu, L., & Ma, Y. 2010, Physi, 82, 7174
Wu, R. Q., Zhu, C. H., Lü, G. L., Wang, Z. J., & Liu, H. L. 2021, RAA,

21, 129
Yang, Y., Wang, L., Baade, D., et al. 2017, ApJ, 834, 60
Yao, M. L., Zhang, X. J., Wu, T., et al. 2021, JAP, 129, 035302
Yi, X., Long, M., Li, M., & Xu, H. 2018, JAP, 123, 204303.1
Yin, K., Gao, P., Shao, X., Gao, B., & Ma, Y. 2020, NPJ COMPUT MATER,

1, 10
You, J. H. 1998, Radiation Mechanism in Astrophysics (New York: Science

Press)
Zhang, D. P., Yang, Y. Y., Hu, X. Y., & Zhen, J. F. 2020, RAA, 20, 202
Zhang, J. J., Wang, X. F., Sasdelli, M., et al. 2016, ApJ, 817, 114
Zhang, S., Zhang, X., Li, M., et al. 2018, PhLA, 382, 2769
Zhao, T., Zhou, J., Wang, Q., Kawazoe, Y., & Jena, P. 2016, ACS Appl.

Mater. Interfaces, 8, 26207
Zheng, F. L., Zhang, Y., Zhang, J. M., & Xu, K. W. 2011, PSSBR, 248, 0370
Zhu, C., Liu, H., Lü, G., Wang, Z., & Li, L. 2019, MNRAS, 488, 525
Zhu, C., Lü, G., Wang, Z., & Liu, J. 2013, PASP, 125, 25
Zhukovska, S., Dobbs, C., Jenkins, E. B., & Klessen, R. S. 2016, ApJ, 831, 147

10

Research in Astronomy and Astrophysics, 22:035014 (10pp), 2022 March Wu et al.

https://orcid.org/0000-0002-8296-2590
https://orcid.org/0000-0002-8296-2590
https://orcid.org/0000-0002-8296-2590
https://orcid.org/0000-0002-8296-2590
https://doi.org/10.1051/0004-6361/201833725
https://ui.adsabs.harvard.edu/abs/2018A&A...620A..67A/abstract
https://doi.org/10.1051/0004-6361/201014585
https://ui.adsabs.harvard.edu/abs/2010A&A...518L.138B/abstract
https://doi.org/10.1093/mnras/stv2651
https://ui.adsabs.harvard.edu/abs/2016MNRAS.456.1269B/abstract
https://doi.org/10.1093/mnras/stw2985
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.4044B/abstract
https://doi.org/10.3847/1538-4357/aafc2f
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...14B/abstract
https://doi.org/10.1126/science.1192035
https://ui.adsabs.harvard.edu/abs/2010Sci...329.1180C/abstract
https://ui.adsabs.harvard.edu/abs/2010Sci...329.1180C/abstract
https://doi.org/10.1086/381775
https://ui.adsabs.harvard.edu/abs/2004ApJ...604..222C/abstract
https://doi.org/10.1051/0004-6361/201935789
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..54C/abstract
http://arxiv.org/abs/2109.07942
https://doi.org/10.1093/mnras/stw2837
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3309D/abstract
https://doi.org/10.1051/0004-6361/201730944
https://ui.adsabs.harvard.edu/abs/2017A&A...606A..50D/abstract
https://doi.org/10.3847/1538-4357/aa7753
https://ui.adsabs.harvard.edu/abs/2017ApJ...843...57D/abstract
https://doi.org/10.1016/j.pss.2018.09.003
https://ui.adsabs.harvard.edu/abs/2020P&SS..18304593D/abstract
https://doi.org/10.1088/1674-4527/17/11/118
https://ui.adsabs.harvard.edu/abs/2017RAA....17..118D/abstract
https://ui.adsabs.harvard.edu/abs/2009ASPC..414..453D/abstract
https://doi.org/10.3847/1538-4357/abff51
https://ui.adsabs.harvard.edu/abs/2021ApJ...917....3D/abstract
https://doi.org/10.1111/j.1365-2966.2009.14453.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.394.1307D/abstract
https://doi.org/10.1088/1538-3873/ab45dd
https://ui.adsabs.harvard.edu/abs/2019PASP..131l4202D/abstract
https://doi.org/10.1086/423893
https://ui.adsabs.harvard.edu/abs/2004ApJ...611L.109D/abstract
https://doi.org/10.1088/0004-637X/722/1/425
https://ui.adsabs.harvard.edu/abs/2010ApJ...722..425D/abstract
https://doi.org/10.1111/j.1365-2966.2006.11336.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.375..753E/abstract
https://doi.org/10.1021/acsami.0c03764
https://doi.org/10.1051/0004-6361:20034137
https://ui.adsabs.harvard.edu/abs/2004A&A...428...99F/abstract
https://doi.org/10.1088/0004-637X/797/2/118
https://ui.adsabs.harvard.edu/abs/2014ApJ...797..118F/abstract
https://ui.adsabs.harvard.edu/abs/1999A&A...347..594G/abstract
https://doi.org/10.1051/0004-6361/202038090
https://ui.adsabs.harvard.edu/abs/2020A&A...644A.139G/abstract
https://doi.org/10.1088/0004-637X/760/1/96
https://ui.adsabs.harvard.edu/abs/2012ApJ...760...96G/abstract
https://doi.org/10.1086/147655
https://ui.adsabs.harvard.edu/abs/1963ApJ...138..408G/abstract
https://doi.org/10.3847/1538-4357/abab06
https://ui.adsabs.harvard.edu/abs/2020ApJ...900..188H/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...334..210H/abstract
https://doi.org/10.1086/320075
https://ui.adsabs.harvard.edu/abs/2001ApJ...551..478H/abstract
https://ui.adsabs.harvard.edu/abs/2001ApJ...551..478H/abstract
https://doi.org/10.3847/1538-4357/aaabb6
https://ui.adsabs.harvard.edu/abs/2018ApJ...855...76I/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...855...76I/abstract
https://doi.org/10.1088/2041-8205/782/1/L2
https://ui.adsabs.harvard.edu/abs/2014ApJ...782L...2I/abstract
https://doi.org/10.1002/andp.18601850205
https://ui.adsabs.harvard.edu/abs/1860AnP...185..275K/abstract
https://doi.org/10.3847/1538-4357/ab7db8
https://ui.adsabs.harvard.edu/abs/2020ApJ...893...70K/abstract
https://doi.org/10.3847/1538-4357/aae482
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...34K/abstract
https://doi.org/10.1103/PhysRev.140.A1133
https://ui.adsabs.harvard.edu/abs/1965PhRv..140.1133K/abstract
https://doi.org/10.1038/331328a0
https://ui.adsabs.harvard.edu/abs/1988Natur.331..328K/abstract
https://doi.org/10.1002/anie.201403833
https://doi.org/10.1111/j.1945-5100.1995.tb01164.x
https://ui.adsabs.harvard.edu/abs/1995Metic..30..661L/abstract
https://doi.org/10.3847/1538-4357/ab9e74
https://ui.adsabs.harvard.edu/abs/2020ApJ...898...96L/abstract
https://doi.org/10.1088/0004-637X/776/1/5
https://ui.adsabs.harvard.edu/abs/2013ApJ...776....5M/abstract
https://doi.org/10.1111/j.1365-2966.2005.09314.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362..872M/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362..872M/abstract
https://doi.org/10.1093/mnras/sty3323
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.2587M/abstract
https://doi.org/10.1086/155591
https://ui.adsabs.harvard.edu/abs/1977ApJ...217..425M/abstract
https://doi.org/10.1086/379011
https://ui.adsabs.harvard.edu/abs/2003ApJ...598..785N/abstract
https://ui.adsabs.harvard.edu/abs/2003ApJ...598..785N/abstract
http://arxiv.org/abs/1904.10140
https://doi.org/10.1093/mnras/stw1615
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462...12O/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462...12O/abstract
https://doi.org/10.1093/mnras/stz414
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485..440P/abstract
https://doi.org/10.1016/j.physe.2014.04.010
https://ui.adsabs.harvard.edu/abs/2014PhyE...62...28R/abstract
https://doi.org/10.3847/1538-4357/abd850
https://ui.adsabs.harvard.edu/abs/2021ApJ...908..232R/abstract
https://doi.org/10.3847/1538-4357/aabfc3
https://ui.adsabs.harvard.edu/abs/2018ApJ...859...66S/abstract
https://doi.org/10.1088/0004-637X/737/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...737..103S/abstract
https://doi.org/10.1016/0016-7037(95)00069-C
https://ui.adsabs.harvard.edu/abs/1995GeCoA..59.1633S/abstract
https://doi.org/10.1088/0004-637X/719/2/1553
https://ui.adsabs.harvard.edu/abs/2010ApJ...719.1553S/abstract
https://doi.org/10.3847/1538-4357/abece2
https://ui.adsabs.harvard.edu/abs/2021ApJ...913...90S/abstract
https://doi.org/10.1088/1361-648X/aa63cd
https://ui.adsabs.harvard.edu/abs/2017JPCM...29p5901S/abstract
https://doi.org/10.1046/j.1365-8711.2001.04486.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.325..726T/abstract
https://doi.org/10.3847/1538-4357/aa5d53
https://ui.adsabs.harvard.edu/abs/2017ApJ...837...25V/abstract
http://arxiv.org/abs/1908.08269
https://doi.org/10.1038/ncomms11488
https://ui.adsabs.harvard.edu/abs/2016NatCo...711488W/abstract
https://doi.org/10.1103/PhysRevB.82.094116
https://ui.adsabs.harvard.edu/abs/2010PhRvB..82i4116W/abstract
https://doi.org/10.1088/1674-4527/21/5/129
https://ui.adsabs.harvard.edu/abs/2021RAA....21..129W/abstract
https://ui.adsabs.harvard.edu/abs/2021RAA....21..129W/abstract
https://doi.org/10.3847/1538-4357/834/1/60
https://ui.adsabs.harvard.edu/abs/2017ApJ...834...60Y/abstract
https://doi.org/10.1063/5.0036217
https://ui.adsabs.harvard.edu/abs/2021JAP...129c5302Y/abstract
https://doi.org/10.1063/1.5020603
https://ui.adsabs.harvard.edu/abs/2018JAP...123t4303Y/abstract
https://doi.org/10.1088/1674-4527/20/12/202
https://ui.adsabs.harvard.edu/abs/2020RAA....20..202Z/abstract
https://doi.org/10.3847/0004-637X/817/2/114
https://ui.adsabs.harvard.edu/abs/2016ApJ...817..114Z/abstract
https://doi.org/10.1016/j.physleta.2018.07.046
https://ui.adsabs.harvard.edu/abs/2018PhLA..382.2769Z/abstract
https://doi.org/10.1021/acsami.6b07482
https://doi.org/10.1021/acsami.6b07482
https://doi.org/10.1002/pssb.201147001
https://ui.adsabs.harvard.edu/abs/2011PSSBR.248.1676Z/abstract
https://doi.org/10.1093/mnras/stz1638
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488..525Z/abstract
https://doi.org/10.1086/669193
https://ui.adsabs.harvard.edu/abs/2013PASP..125...25Z/abstract
https://doi.org/10.3847/0004-637X/831/2/147
https://ui.adsabs.harvard.edu/abs/2016ApJ...831..147Z/abstract

	1. Introduction
	2. Model
	3. Results
	3.1. IR Spectrum of C-rich Dust
	3.2. IR Spectrum of C-rich Dust in Ionized State

	4. Conclusions
	References



