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ABSTRACT. The light emission (“glow”) of cold dusty 

plasma of the remnant of SN1987A was confirmed by 
the Hubble Space Telescope observations on 7th January, 
1995. In particular, Ca I and Ca II lines were recorded 
and identified in the spectrum of the supernova’s enve-
lope. The period of complete hydrogen recombination in 
the remnant is 800 days. Thus, it is only radioactive de-
cay that could be a primary source of the plasma light 
emission at the moment of observation. This paper de-
scribes the conditions of shock excitation and recombi-
nation of Ca ଶ଴

ସସ resulted from the decay of radioactive 
Tiଶଶ

ସସ  travelling in the remnant’s cold dust. The over-
ionisation in the remnant resulted from the motion of 
the Ca ଶ଴

ସସ recoil nucleus, as well as its impact on the spec-
trum formation, was studied. It has been shown that the 
calcium lines are formed by the  Ca ଶ଴

ସସ II ion in the inner 
layers of the remnant. We have reached the conclusion 
that the Ca I/Ca II lines strength ratio corresponds to 
the isotopic abundance ratio [ Ca] ଶ଴

ସ଴ /[ Ca ]ଶ଴
ସସ  in type II 

supernova remnants. 

Keywords: SN1987A remnant, radioactive elements, 
spectroscopy of Ca I and Ca II. 

 

1. Introduction 
 
Calcium is an alpha-process element along with ox-

ygen, neon, magnesium, silicon, sulphur, argon and 
titanium. The major source of calcium production in 
space is the synthesis in type II, Ib and Ic supernovae, 
as well as in exploding white dwarfs which are progen-
itors of type Ia supernovae. Large amounts of the sta-
ble isotope 40Ca are synthesised in such processes. Its 
estimated abundance among other stable isotopes on 
Earth is about 97%. The stable isotope 44Ca also makes 
a marked contribution, but its origin differs from the 
mechanism of synthesis of the most common isotope 
on the Earth. Exploding supernovae enrich the inter-

stellar gas with various chemical elements, including 
calcium. Subsequently, the interstellar medium pro-
vides the raw material for the formation of new gener-
ation stars. Yellow supergiants with high luminosity, 
hence visible at long distances from the Sun, are the 
most relevant to studying the distribution of calcium in 
the Galactic disc. Cepheids are also among these ob-
jects. The lines of neutral and ionised calcium can be 
identified in the visible, near-ultraviolet and near-
infrared portions of their spectra. As the ionised calci-
um lines in the near-ultraviolet spectral region are 
very strong, they cannot be used to determine the cal-
cium abundance in the afore-mentioned stars. An ex-
ample of calcium distribution in the Galactic disc in-
ferred from the quantitative analysis of the spectra of a 
large number of Cepheids is presented in Fig. 1. 

Cepheids are relatively young objects, hence their 
average calcium abundance at the galactocentric dis-
tance, which is close to the distance of the Sun from the 
Galactic centre (about 8 kiloparsecs), slightly exceeds 
the calcium abundance in the solar atmosphere. 

As mentioned above, the ionised calcium lines in the 
near-ultraviolet spectral region cannot be used to pre-
cisely determine the calcium abundances in the at-
mospheres of stars with chemical compositions which 
do not differ much from that one of the solar atmos-
phere. However, the situation changes dramatically 
when we determine the chemical composition of ex-
tremely low-metallicity stars. Such stars can be found, 
for instance, in the halo of our Galaxy. With declining 
total metal content in a star its calcium abundance also 
decreases. It results in weakening of subordinate lines 
which generally serve as indicators of the calcium 
abundance in stars with normal metallicity. Thus, for 
extremely low-metallicity stars it is only feasible to use 
the ionised calcium lines in the near-ultraviolet spec-
tral region (which are sufficiently weak in the spectra 
of such objects).  
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Figure 1: The radial distribution of calcium abundance in the Galactic disc inferred from the analysed spectra of 
Cepheids (marked with circles and two red squares based on the data reported in Andrievsky et al., 2014). The cal-
cium abundance in the centre of the disc was adopted from the literature. The positions of two Cepheids which are 
the closest to the Galactic centre are marked with squares. The Y-axis shows [Ca/H] = log (Ca/H)* – log (Ca/H)Sun 
where the first term is attributed to the star while the second one – to the Sun; log (Ca/H) is the logarithm of the 
ratio of calcium to hydrogen concentration in the object’s atmosphere. The X-axis presents Rg which is the distance 
from the Galactic centre expressed in kiloparsecs. 

 
Table 1: The abundances of Ti, Sc and Ca isotopes (as reported by Popov et al., 2014; Jerkstrand et al., 2011) at 
the instant of ejection of the SN1987A envelope, as well as their estimated amounts at the present time ex-
pressed in solar masses. 

Studies Tiଶଶ
ସ଻  Tiଶଶ

ସ଺  Tiଶଶ
ସସ  Scଶଵ

ସଷ  Caଶ଴
ସସ  Caଶ଴

ସଶ  Caଶ଴
ସ଴  

Popov et al. (2014) 5.25 . 10-4 4.86 .10-5 1.73 . 10-3 5.75 . 10-5 5.91 . 10-4 5.91 . 10-5 6.23 . 10-2 
Jerkstrand et al. (2011)  8.6 . 10-4 1.5 . 10-3 1.2 . 10-6   0.043 
Present study   10-3  1.0 . 10-3   

 
 
2. Calcium atoms in the supernova remnant 

The ionized calcium lines can be observed not only 
in the stellar spectra, but also in the ejecta spectra. The 
type II supernova remnants cool down noticeably 
while they expand. The formation of dust grains starts 
just under a year after the explosion. According to 
Kozasa et al. (1988), the formation of the dust compo-
nent is only possible in the presence of condensation 
nuclei which are diatomic molecules. The rates of gas-
phase reactions and nucleation decline significantly 
with time due to a drastic reduction in the material 
density. Within several decades, the particle density in 
the supernova remnants makes 104–106 cm-3. The av-
erage thermodynamic temperatures of the ejecta, 
measured by the intrinsic infrared emission of the dust 
particles, are within the range of 30–70 K. When the 
blast wave moves rapidly away from the remnant, the 
intensity of hard radiation from the forward shock 
gradually decreases. For the remnants of SN1987A and 
Cas A, the International Gamma-Ray Astrophysics La-
boratory (INTEGRAL) observations enabled us to re-
veal the evidence of radioactive decay of the titanium 
isotope which undergoes a two-phase series of β-
process according to the following scheme:  

Tiଶଶ
ସସ → Scଶଵ

ସସ  through the capture of a K-shell electron 
1s (p + e-→n+νe);  the half-life of Tiଶଶ

ସସ   is 48 years;  

 Scଶଵ
ସସ ∗ → Ca ଶ଴

ସସ  with emission of γ-quanta (67.9, 7, 4 and 
1157 keV), positron e+ and with transfer of a consider-
able momentum to the Ca ଶ଴

ସସ nucleus; the half-life of the 
excited Scଶଵ

ସସ ∗ nucleus is 6 hours. 

The decay phase described in item 1 is finished once 
the Scଶଵ

ସସ  nucleus has been formed. At the instant of 
time when the Scଶଵ

ସସ  nucleus is formed, it emits an elec-
tron neutrino. The nucleus gains a little recoil momen-
tum (2–4 eV). The second phase of the radioactive de-
cay, described in item 2, results in the transfer of high 
recoil kinetic energy of about 0.61–1.14 MeV to the 

Ca ଶ଴
ସସ nucleus which acquires the velocity of around 
105–106 m/s. When colliding with electrons and atoms 
of the cold supernova remnant, this energy is sufficient 
for either collisional ionisation or transition to an ex-
cited state. It is known that the total mass of the su-
pernova remnant is М=19ܯ⊙, and its material density 
is ݊~10ଵଵ − 10ଵଶ m-3. The change in the chemical com-
position of the supernova remnant envelope is an im-
portant effect of the processes specified in items 1 and 
2. The initial isotopic composition of SN1987A that we 
are interested in is adapted from Popov et al. (2014) 
and given in Table 1. 

At the present time, the stable isotope Caଶ଴
ସ଴  abun-

dance in the ejecta is an order of magnitude higher 
than that one of the Caଶ଴

ସସ  isotope. The remnant has 
greatly cooled down due to its expansion. Atoms of the 
primordial calcium, which is more abundant, have low 
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thermal velocities. Taking into account the given esti-
mates, the average number of collisions of the  ܽܥ ଶ଴

ସସ  
isotope with the atoms of the supernova remnant ma-
terial per unit of time can be calculated: 

< ݖ ≥=< ݒ > ଶ݊ߪߨ2√ ≈ 10଺ ∙ 1.41 ∙ 3.14 ∙ 2.64 ∙
                          10ିଶ଴10ଵଶ ≈ 0.16 sିଵ         ( 1 ) 

The time interval between binary collisions 
௕௜௡௔௥௬ݐ = ଵ

ழ௭ஹ
 under the given physical conditions is 

ݐ ≈ 6 s. It far exceeds the characteristic time of radia-
tive transitions associated with the atomic excitation. 
Before another mutual collision with atoms and elec-
trons of the surroundings, the Ca I atom and Ca II ion 
efficiently interact with the radiation field exclusively. 
In the next section of the paper, we will estimate the 
energy losses due to excitation and ionisation of cold 
gas in the supernova remnant caused by the Ca I atom 
and its ion Ca II. 

2.1. Ionisation loss in the cold remnants of SN1987A 
and Cas A 

It is known that cold regions of supernova remnants 
comprise free radioactive atoms, molecules and dust 
containing radioactive components. Ionisation loss in 
the cold remnant is one of the ways their radioactivity 
manifests itself. The Ca I atom and its ion Ca II may be 
the sources of ionisation in the above-discussed decay 
chain. Given the recoil nucleus kinetic energy of 0.6 
MeV and a rough non-relativistic approximation of the 
Bethe-Bloch formula, we can use its exact expression:  

− ቀௗௐ
ௗ௫

ቁ
௜௢௡

= ସగ௭మ௘ర௡೐
௠೐௩మ ቄ݈݊ ଶ௠೐௩మ

ூ
− ଶߚ − ݈݊(1 −  ଶ)ቅ   (2)ߚ

where ݊௘  is the electron density in the remnant; ݖ௘  is 
the charge of the particle (z = 20 for the calcium at-
om); v is the particle’s velocity; β is the relativistic 
component which equals  ௩

௖
, in our case 0.01~ߚ; 

ቀௗௐ
ௗ௫

ቁ
௜௢௡

is specific ionisation loss per unit of distance; I 
is the characteristic full ionisation potential, I = (13.6 
eV)∙z = 13.6∙20 eV = 270 eV. The concentration of cal-
cium ions at the forward propagating shock is many 
orders of magnitude lower than their concentration in 
the supernova remnant. The Ca ଶ଴

ସସ isotope concentra-
tion is directly related to the number of decayed Tiଶଶ

ସସ  
nuclei. Ionisation loss in the material can be expressed 
as the linear energy loss L: 

ܮ = ଶగ௘ర௭మெ௡೐
ா௠೐

ln ቀସா௠೐
ெூ(௭)

ቁ ≈ 2 ܸ݁/10 km                ( 3 ) 

Given the dimensions of the envelope, it can be de-
duced that all kinetic energy of calcium atoms is lost in 
radiative-loss processes. Let us determine the range of  
݈଴ wherein the radiative loss diminishes the initial en-
ergy by a factor of е: 

݈଴ = ସ.ଷଵ∙ଵ଴మల

௡೐௓మ୪୬ (ଵ଼ଷ/௓భ/య ≈ 4.31 ∙ 10ଵଷсm         ( 4 ) 

Physical dimensions of the envelope – remnant of SN 
1987A are sufficient to ensure that the  Ca ଶ଴

ସସ  atom 
transfers almost all kinetic energy in the form of radia-
tive loss to ionise atoms of the remnant material. The 

process of ionisation of surroundings by the Ca ଶ଴
ସସ ion 

involves binary collisions. In between such collisions, 
this ion interacts with the radiation field, and when 
reaching the outer layers of the envelope, its recombi-
nation takes place. By the time of recombination 
(which involves the capture of surrounding “cold” elec-
trons), the Ca ଶ଴

ସସ  ion velocity decreases significantly 
down to the thermal velocity value. At this instant, it 
mixes with other calcium isotopes. The kinetic energy 
of positrons is proportional to the recoil energy of the 

Ca ଶ଴
ସସ  nuclei. The total energy loss of positrons in the 
remnant makes 1036 erg/s. Upon reaching the critical 
velocity, a positron collides with a cold electron that 
results in their annihilation and formation of two γ-
quanta. The interaction between γ-quanta and gas is 
rather weak, but these γ-quanta heat the remnant’s 
dust particles to some extent.  

2.2. Triple recombination of the Ca ଶ଴
ସସ ІІ ions in SNR 

1987A 

The recombination coefficient α of the Ca ଶ଴
ସସ ІІ ion at 

its concentration ௜ܰ  with the density of electrons den-
sity ௘ܰ  and neutral atoms ௔ܰ in the thin remnant’s en-
velope can be expressed as follows: 

ௗே೔
ௗ௧

= ఐߋఌߋߙ− + ௥ߋߚ ௔ܰ        ( 5 ) 

Here the value β defines the ionisation coefficient of 
neutral atoms and molecules. To make the capture of 
an electron by a positively charged ion possible, the 
kinetic energy of their collision should convert into the 
energy carried away by the photon. In this case, the 

recombination cross-section contains the factor ቀ௘మ

௛௖
ቁ

ଶ
. 

The most accurate formula (5) for determination of 
the triple shock-recombination coefficient was in-
ferred in the study by Smirnov (1968) by adjusting the 
level population of a given atom in the kth state. We 
assume that ௞ܰ  and ௡ܰ are the densities of atoms in 
relevant states; Ne is the density of electron states; v is 
the velocity of electrons; σnk is the cross-section of the 
transition of an excited atom from the state n to the 
state k. The product of the values in angle parentheses 
is averaged using the Maxwellian distribution function. 
The value ߛ௡௞ is the probability of the photon emission 
per unit of time when a given atom transits from the 
state n to the state k.  

ௗேೖ
ௗ௧

= ∑ 〈 ௘ܰݒ௘ߪ௡௞〉 − ௞ܰ௡ ∑ 〈 ௘ܰݒ௘ߪ௡௞〉 +௡ ∑ 〈 ௡ܰߛ௡௞〉௡ −
௞ܰ ∑ ௡〈௡௞ߛ〉       ( 6 ) 

If the recombination time is noticeably longer that the 
time interval between collisions of electrons, ௗேೖ

ௗ௧
= 0. 

In this case, the recombination process can be deemed 
to be quasi-stationary. As reported in the study re-
ferred above, at rather low temperatures the level 
population can be written as a Boltzmann distribution 
function. In this case, ௞ܰ~݁ିாೖ/ೖ೅ . If the density of elec-
trons is equal to the density of atoms at low tempera-
tures, then allowing for the collisions with hydrogen, 
these equations will deliver the estimated coefficient 
of the shock-radiative recombination 10ି~ߙ଺с݉ଷ/ݏ at 
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௘ܰ~10ଵଶ and Т~30 – 60 К. If the mean free path of the 
Ca ଶ଴

ସସ ІІ ion is about one metre or greater, then the ion 
will have sufficient time to recombine prior to the next 
collision. At low temperatures, the energy of the  

Ca ଶ଴
ସସ ІІ  ion collisions with free electrons is consistent 
with the ionisation energy. The shock-recombination 
and photo-recombination processes ought to be con-
sidered separately as they are not correlated.  

We assume that the electron binding energy is ܧ଴. A 
travelling Ca ଶ଴

ସସ ІІ ion undergoes predominantly binary 
collisions with the atoms of H I, He I, C I, N I, O I, Sc I and 
Ti I, as well as with electrons. When transiting to the 
reference system related to the travelling Ca ion, we can 
deduce that the ion is quiescent while the afore-
described atoms and electrons have similar velocity 108 

cm/s. At the instant of collision of the Ca ଶ଴
ସସ ІІ ions with 

any of the above mentioned atoms, a diatomic quasi-
molecule is formed. If the adiabatic approximation 
whereby the motion of nuclei is neglected is true for this 
molecule, then the following expression is fair: 
ఠ௓భ௓మ

ఓ௩మ ≪ 1 where ω is the energy difference between the 
investigated states; μ is the reduced mass of the quasi-
molecule; v is the relative velocity. In other words, the 
adiabaticity of collisions is postulated when the Cou-
lomb interaction potential is far lower than the kinetic 
energy of the incident atom. When  Ca ଶ଴

ସସ ІІ  is travelling 
in the envelope, this condition is met unless the ion 
reaches dense outer regions. In such regions the triple 
recombination is the most likely as the concentrations 
of hydrogen and helium are orders of magnitude higher 
than in the region of localisation of iron peak elements. 

2.3. Calcium recombination in binary collisions  

Incident electrons play a pivotal role in the Ca ଶ଴
ସସ ІІ re-

combination processes. At the time of the shock elec-
tron-ion recombination in low-temperature and low-
density plasma of the supernova remnant, an electron is 
in a highly excited state. Thus, the recombination coeffi-
cient is defined by the rates of inelastic radiative transi-
tions from highly excited states to the ground state. Let 
us give the triple recombination coefficients for the at-
oms of the alkali metals at Т = 250К. For the electron 
density ௘ܰ~10଼and particle density of  10ଵଷ cm-3 the 
correspondent’s coefficient’s is ߙ ≈ 7.8 ∙ 10ିଵଵ and 2.6 ∙
10ି଺. For the low-density plasma, the Born cross-
section of inelastic transition is ߪ = ସగ௘మ

௛మ௩మ |݀௭|ଶܮ  where L 
is the Coulomb logarithm that is not correlated with the 
relative velocity; dz is the dipole moment operator. The 
production formulae can be inferred from the partition 
function counting all the states: 

ߪ = ସగ
ଷ

ቀ௘మ

௛௩
ቁ

ଶ
ߙ       ,(ଶݎ )ܮ = ݐݏ݊݋ܿ ௘ర

௛మ ቀ௠
்

ቁ
ଵ/ଶ ௘ర

்మ
௘లே೔

்మ    ( 7 ) 

In the study by Smirnov (1968) the constant is 1/3.  

Let us present semiempirical recombination coeffi-
cients α for the Ca I atom and its ion Ca II in the radia-
tion field of the supernova remnant at temperatures 
within the range of 10–1000К: 

(ߒ)ߙ    = 27.9 ቀ ்
ଵ଴଴

ቁ
ି଴.଺ସ଻

;  Ca I: (ߒ)ߙ = 5.58 ቀ ்
ଵ଴଴

ቁ
ି଴.଺଼ଷ

   

and the rate of photoionization resulted from 
Melender (2007) is as follows: Ca I: (3.4 − 4.3) ∙
10ିଵ଴;    Ca II: (1.3 − 2.6) ∙ 10ିଵଶିݏଵ . The spontaneous 
velocities of the allowed dipole transitions can be writ-
ten as per Landini (1972) and Melender (2007): 

௜௝ܣ 
ாଵ = 2.6774 ∙ 10ଽ൫ܧ௜ − ௃൯ଷܧ ଵ

௚೔
௜ܵ௝
ாଵ (ିݏଵ)                  ( 8 ) 

2.4. Characteristic time of the recombination transitions 

The time at which an electron reaches the level with 
the binding energy of order of ~ Т is denoted by ߬௕; the 
time of recombination is denoted by ߬௖ . The rates of 
transitions from the state n to the state k, free-bound 
and bound-free transitions are denoted by 
 ߱௡௞ ,  ߱௖௕  and ߱௕௖ , respectively. With a rather high 
density of the supernova remnant the principle of de-
tailed balance is fairly reasonable as the first approxi-
mation. Then, the time of transitions can be expressed 
as the continuum ߬௖: 

߬௖ = ଵ
ఠ್బ

௚೎
௚బ

≈ ଵ
ே೐ழ௩ఙவ

்య

௘లே೔
ߙ   , = ቀ ଵ

ఛ௺ഄ
ቁ          ( 9 ) 

An alternative formulation of the Born approximation 
may be a relevant expression which factors in the en-
ergy difference between the recombination transitions 
from the level with the principal quantum number n to 
the ground (zero) level with the quantum number 0. In 
atomic units, the mass of an electron is used as a unit 
of mass; hence, the energy difference between the ex-
cited ݍ௡ and ground ݍ଴  levels can be written as fol-
lows: 

଴ݍ − ௡ݍ = ඥ2ܧ଴ − ඥ2ܧ௡ ≈ ଶ௱ா
ඥாబ

             ( 10 ) 

where ܧ଴ and  ܧ௡ represent the electron energy before 
and after collision; ΔΕ is the atom’s excitation energy. 
The following formula can be an additional validity cri-
terion for the Born approximation: ௔௱ா

ඥாబ
≪ 1 . Usage of 

this criterion significantly simplifies further calculations 
of the recombination process involving the ܽܥ ଶ଴

ସସ ІІ  ion.  

Using adiabaticity as a criterion, Bethe deduced a for-
mula for recombination cross-section per one ionised 
atom (Haykawa, 1969): 

௢௡ߪ = ଼గ
௩బ

మ ଴௡(௫ܦ)
ଶ ݊ܮ ௩ᇲ

|௩బି௩೙|
ܦ   , = ∑ ௜௜ݎ    ( 11 ) 

where D is the dipole moment operator; ݒ଴ and ݒ௡ are 
the velocities of the incident electron before and after 
collision, respectively; ݒᇱ is the average effective veloci-
ty in the region of invalidity of the Born approximation. 
The Ca ଶ଴

ସସ ІІ ion recombination coefficient can be esti-
mated using observations of the structure of the super-
nova remnant’s envelope and localization of the main 
fraction of the radioactive titanium isotope  Tiଶଶ

ସସ   per-
formed during Hubble observations of SNR1987A on 7th 
January, 1995, can be used. In most models of the su-
pernova remnant, the radioactive titanium is concen-
trated in the same region as iron. The average number 
density of the iron atoms NFe  at the time of observations 
was 104 cm-3. The electron density Nе is about 0.14 NFe. 
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In the same region, 60% of the total Tiଶଶ
ସସ  and other 

heavy elements are found. The mixing ratio between the 
layers is insignificant; hence, the abundance of ܶ݅ଶଶ

ସସ  in 
other layers is lower. In outer layers containing H and 
He atoms, the respective density reaches 1012 –1013 par-
ticles per cm3. At the same time, titanium is absent in 
these layers while Ca ଶ଴

ସସ ІІ penetrating these layers re-
combines into a neutral Ca ଶ଴

ସସ І atom. 

2.5. Formation of the remnant spectrum in the ultravio-
let (UV), optical and near-infrared (NIR) regions 

The Hubble Space Telescope observations of SNR 
1987A were conducted in the spectral region from 200 
to 800 nm. The observations proved that the escaping 
radiation spectrum corresponds to the thermodynamic 
temperature which is 300 K higher than reported by the 
observations of the dust emission in the infrared region. 
The formation of the UV and optical radiation fluxes of 
sufficient intensity requires highly efficient conversion 
of the radioactive decay energy into the thermal energy 
of the envelope. In other words, γ-quanta, positrons and 
recoil nuclei should be thermalized. Taking into account 
that at present the level of radioactive decays remains 
practically unaltered while the density and abundance 
decreased t3 times, the current abundance is two-three 
orders of magnitude lower than observed in 1995.  

However, γ-quanta and X-rays easily escape from 
the remnant thereby slightly heating the dust. Thus, 
positrons with energy of about 0.6 MeV and  Ca ଶ଴

ସସ  re-
coil nuclei with the kinetic energy of the same order 
are expected to be the key contributors to the energy 
balance of the envelope. The subsequent excitation of 
atoms and molecules occurs via three channels:  

The first channel is induced by the UV and other short-
wave quanta of the radiation field and results in the for-
mation of the lines of Mg I, Mg II (282.5 nm), Fe II (373 
nm), O II (372.7 nm), Ca II( (397.3 nm, 730.63 nm).  

The second channel is related to the ionization loss 
due to positron and Ca ଶ଴

ସସ recoil nucleus deceleration. The 
fluxes of energy formed by these shock excitation sources 
throughout the remnant make up about 4·1036erg/s. The 
total volume of the envelope at the moment of observa-
tions was V = 1050 сm3 (or 30 erg s-1cm-3). The probabil-
ity of electron transitions from the excited levels to the 
adjacent levels is significantly higher than the likelihood 
of recombination transitions. Thus, within the range of 
radiative losses L0, the Ca ଶ଴

ସସ atom will be in the ionised 
state while the density of atoms and free electrons in the 
envelope will decline. It means that calcium is more likely 
to be in the ionised state rather than in the neutral state 
as far as the end of the decelerating path. When the kinet-
ic energy of the atom becomes comparable to the particle 
thermal-motion energy, the recombination of the ion into 
the neutral Ca atom occurs. In this case, the methods for 
calculation of the detailed balance for quantum bound 
states can be employed. The optical and infrared transi-
tions of the neutral atoms of the supernova remnant were 
analysed in accordance with the data reported by Jerk-
stand et al. (2011). One of the ways to independently de-

termine the mass fraction of calcium produced by the 
decay chain is to estimate the ionised and neutral Ca line 
strengths and their ratios. 

The third channel is associated with the cascade 
transitions caused by the high rate of excitation of 

Ca ଶ଴
ସସ  atoms, as well as target atoms in the initial phase 
of the recoil nucleus motion. These transitions are dis-
played mainly in the hard UV region, and after conver-
sion by the iron atoms they form an observed field of 
the remnant radiation in the optical and infrared re-
gions of the spectrum. 

The non-thermal source of energy supply resulting 
from the radioactive decays in the supernova remnant 
produces excessive scattered non-thermal radiation 
which is not typical for the diffusion radiation in nebulae. 
On the other hand, the supernova remnant is quantita-
tively characterized by the same physical parameters as 
the nebulae. The absence of the central compact source of 
hard quanta is offset by the inner radioactive transfor-
mations. This effect leads to collisions, induces ionization 
loss in the remnant and forms a radiation field of suffi-
cient intensity. The Ca II/ Ca I line strength ratio is an 
important indicator of the radioactive decay processes in 
the investigated physical system “cold gas + radioactive 
isotopes”. However, this question requires in-depth in-
vestigation and should be the focus of a separate paper. 

3. On the possibility of the presence of calcium mo-
lecular compounds in the supernova cold envelope 

Most of diatomic molecules are formed within one 
year after the explosion. Compounds with rather high 
ionisation potential are of special interest as the short-
wave radiation does not destroy, but only excite the 
molecules. Both absorption and emission lines are 
formed: the former belong to the optical and near-
infrared regions while the latter represent emission in 
the far infrared and radio regions. Another condition for 
the existence of diatomic molecule is the presence of 
inhomogeneous clumps caused by the Rayleigh-Taylor 
instability when the material falls on the iron nucleus. 
Later, these clumps isolate themselves and exhibit den-
sities which are several orders of magnitude higher than 
the density of the surrounding gas. The probability of 
the formation of dust and molecules in these clumps is 
higher.  One year later,  the dust particles accounting for 
these clumps efficiently absorb hard UV and X-ray radia-
tion.  This enables  the dust to screen molecules from 
quanta which cause their dissociation. The envelope 
inhomogeneities, which had already isolated within 10–
12 years after the explosion, were studied by Varosi & 
Dwek (1999). Statistical distribution of these inhomo-
geneities by the data size made it possible to estimate 
their average size using a sample of one thousand rec-
orded data units. The clumps themselves gradually ex-
pand due to their excessive internal pressure. Enhanc-
ing the sensitivity of instruments, as well as allowing for 
the geometric factor, results in the increased number of 
recorded clumps. Observations of old remnants of type 
II supernovae confirm these conclusions. 
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Table 2: The spectroscopic molecular constants for CaO (in сm-1) 

State Τ଴଴ – 
Term energy 

State 
weight 

(gi) 

Internuclear 
distance (A) Be αε ωe ωe xe 

 5.28 733.4 0.00338 0.44452 1.822      1     0.0       ߑଵߕ
 2.30 556.2 0.0015 0.3353 2.097      2     8225       ߎଵ޿

 
 
The cellular structure in the envelope should be fur-

ther considered with the application of the formalism 
suggested by Varosi & Dwek (1999). We suggest that 
the spherical approximation should be solved first to 
determine the lines of elements best suitable for the 
physical and observational analyses, and then the 
problem should be solved using a relevant Monte-
Carlo method to allow for the specific cellular struc-
ture of the object observed. 

4. Isotopic composition of the SN1987A envelope 

The strengths of molecular lines in the supernova 
remnant and at the forward shock have greatly increased 
recently while the X-ray and infrared radiation fluxes 
have declined. Apart from the suggested criterion for the 
selection of isotopes by the Ca II and Ca I atomic line 
strength ratio, let us consider the possibility of the de-
termination of the isotopic shift in the molecules involv-
ing  Caଶ଴

ସସ  , Ca ଶ଴
ସଶ  and Caଶ଴

ସ଴   isotopes while the isotopic ratio 
gradually changes due to the radioactive Tiଶଶ

ସସ  decay. 
The isotopic shift in the diatomic molecules depends 

on the atomic mass numbers. As reported in Herzberg 
(1949), such a correlation can be expressed as a func-
tion of molecular constants of compounds in the par-
ent molecule containing, for instance, Caଶ଴

ସ଴ , and the 
ratio given by the following formula:  

ߩ = ඩ
ߤ େୟమబ

రర
ߤ େୟమబ

రబ൘ = ට44
40ൗ ≈ 1.05. 

From all diatomic molecules involving calcium iso-
topes formed in the envelope we select molecules with 
the maximum ionisation potential and the highest sensi-
tivity to the isotopic shift ρ. The selected molecules 
should have the highest density and population of the 
excited levels both at present and in the future. Mole-
cules selected in such a manner ought to exhibit well-
measured absorption lines in the UV, visible and NIR 
regions of the remnant’s spectrum. Among diatomic 
molecules containing Ca atoms in the stellar spectra, the 
CaO molecule is the most stable with the dissociation 
potential ܦ଴ = 5–6.11 eV. According to the survey re-
sults and new findings reported in Pavlenko & Schmidt 
(2015), the dissociation energy of the CaH molecule is 
1.686–1.974 eV. The detection of the CaC molecule is 
expected though its ionisation coefficient is an order of 
magnitude lower than that one of CaH. Thus, the calcium 
oxide (CaO) molecule appears to be most suitable for 
the determination of the isotopic shift of spectral lines. 
The ratios reported in Jorgensen (1994) and Herzcberg 

(1949) can be applied to perform an assessment of the 
isotopic shift. It is reasonably convenient to conduct 
such an analysis for the band heads reported in Doikov 
et al. (2017) for the transition ޿ଵߎ →  using the ߑଵߕ
molecular constants given in Table 2 below. The vibra-
tional band-head shift in this case is 4.9183021 cm-1 or 
4.1 Å in the near-infrared region. In the optical band, 
this shift will be an order of magnitude less and within 
the accuracy of spectrometric measurements. 

5. Conclusion  

The present paper shows the feasibility of observing 
and identifying the lines of neutral and singly ionised 
calcium. The availability of the lines of this element for 
the observations and its involvement in the radioactive 
decay chain Ti

଼ହ ௬
ሱ⎯ሮ Scଶଵ

ସସ ଺ ௛
ሱሮ Caଶ଴

ସସ
ଶଶ
ସସ  enables us to use the 

calcium isotope as a chemical marker of the evolution 
processes in the ejecta of supernova remnants. Differ-
ent molecular lines appear in the remnant’s spectrum 
after 20–30 years after the supernova explosion. In 
this regard, the CaO molecule is of special interest. We 
suppose that the 44Ca/40Ca isotopic abundance ratio 
may be inferred from the CaO molecular lines using 
high-resolution spectroscopy. 
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