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ABSTRACT. This paper discusses radiative and ther-

modynamic properties of cold rarefied aggregates of non-
uniformly distributed gas and dust through which high 
fluxes of positrons with energies of 0.011-3.6 MeV pass. 
The investigated gas is in the form of a nebula with densi-
ties of 1-108 cm-3 and temperatures ranging from 30-100 
K. We estimated the energy input into thermodynamic 
temperatures of the ejecta components. Additional heating 
and γ-ray luminosity of all the components of the exam-
ined ejecta were factored in. The structure of the radiation 
field S(E,r) and electron velocity distribution function 
F(E,r) were determined depending on the energies of 
quanta and electrons, respectively. The ejecta of SN 
1987A was considered as an ideal object to investigate the 
positron impact on the nebula. The interaction of positrons 
with solids, atoms and molecules was examined separate-
ly. Traveling of positrons in solids typically results in their 
enhanced amorphous state, heating and annihilation with 
free electrons of solid-state grains with emission of two 
photons each of the energy Εஓ = 0.511	MeV. Consequent-
ly, a characteristic excessive luminescence of dust parti-
cles, namely astronomical silicates and graphite, occurs. 
In fact, the energy loss of fast positrons due to ionisation 
leads to consecutive creation of K-L-M vacancies, which 
is followed by cascade transitions with the transfer of the 
remaining energy to the Auger electrons rather than to 
surrounding atoms which make up a solid. In this case, in 
a solid particle, the energy released in cascade transitions 
is either used to change the lattice structure or converted 
into γ-quanta emission upon the annihilation of positrons 
and K-L electrons. The estimated energy used to heat a 
solid particle itself makes up a half of the energy released 
in the downward M-L-K cascades, which is indicative of a 
significant contribution to the energy balance of the ejecta 
dust. This contribution exceeds the energy estimates from 
the net radiation loss of particles in the matter. In the neb-
ular atomic-molecular plasma of the supernova ejecta, the 
conservation of energy dictates that the energy lost to 
create a K-vacancy is allocated to the subsequent cascade 
transitions and the Auger electrons while the one-photon 
annihilation of positrons and K-electrons of atoms and 
molecules yields characteristic γ-quanta with energies 
close to their own values - Εஓ ≈ 1.022	MeV. The study of 
annihilation of positrons and K-electrons with emission of 
a single photon revealed a relationship between the energy 
of the emitted γ-quanta with the recoil energies of nuclei -  
E୬, binding energies of K-electrons of different atoms - Eୠ 
and energies of incident positrons  E୮. The cross-sections 

for interactions of positrons and atoms in the investigated 
young supernova remnants were calculated and scaling of 
electron arrangements of the atoms involved in those 
interactions was performed. We pointed out that for the 
iron-peak atoms the cross-section for the positron-atom 
interaction increases by four orders of magnitude, thus 
making the interaction between positrons and electrons in 
the K-L shells the most probable. It is shown that in astro-
physics the positron annihilation spectroscopy of matter 
yielding a characteristic radiative response has opened up 
new opportunities for studying young supernova remnants 
and active galactic nuclei. In particular, it is now possible 
to independently determine the mass ratio of dust and gas-
molecular components by the strength ratio of annihilation 
γ-lines I (0.511)/I (1.022). We report the estimated contri-
bution of various elements to the profiles of the indicated 
γ-lines and conclude that it is not related to the proper 
dynamic motions of the supernova remnants. This is a 
crucial factor in the study of bulges in active galactic 
nuclei wherein the physical conditions are assumed to be 
steady-state in relatively large scales.  

Keywords: II type SN remnants, radioactive elements, 
positron spectroscopy of remnants dust and gas. 

АБСТРАКТ. В даній роботі розглянуто радіаційні і 
термодинамічні властивості холодних розріджених 
агрегатів, які містять неоднорідно розподілені газ і 
пил, що зазнають інтенсивного проходження потоків 
позитронів з енергіями 0.011-3.6 МеВ. Розглянутий газ 
перебуває в небулярному стані зі  щільністю 1-108 cm-3 
і температурою 30-100К. Отримано енергетичний 
внесок у термодинамічну температуру компонентів 
оболонок. Враховано енергетичний внесок у  додатко-
ве нагрівання і  світіння в  γ-області спектру  усіх  
компонентів випромінювання оболонок. Визначено 
структуру поля випромінювання S(E,r) і функцію 
розподілу електронів за швидкостями F(E,r) в залеж-
ності від  енергій квантів або електронів. Оболонку 
SN 1987A розглянуто як ідеальний об'єкт впливу  
позитронів на небулярне середовище. Окремо розгля-
нуто взаємодії позитронів з пилом, атомами і молеку-
лами. Характерними наслідками руху позитронів у 
твердих частках є збільшення їх аморфності, нагрів і 
двухфотонна анігіляція з вільними електронами твер-
дотільних утворень енергією квантів  ߃ఊ =  ,ܸ݁ܯ	0,511
внаслідок чого виникає характерне надлишкове сві-
тіння пилу – астрономічних силікатів і графіту. Іоні-
заційні втрати енергії швидких позитронів по суті  не  
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призводять до послідовних процесів утворення K-L-M 
вакансій, каскадних переходів і передачі залишкової 
енергії Оже-електронам, а викликають нагрів пилу. У 
цьому випадку енергія від каскадних переходів у тве-
рдій частці більшою мірою пов’язана з витратами на 
зміну кришталевої структури і будують  γ-кванти від 
анігіляції позитрона з К-L-електронами. Енергію, 
витрачену саме на нагрів пилу, оцінено як половина 
енергії N-M-K каскадів. У цьому випадку знайдена 
суттєва складова у енергобаланс пилових часток обо-
лонок, яка перевищує оцінки по чистим радіаційним 
втратам часток у речовині. В небулярній атомно-
молекулярній плазмі оболонки наднової енергія, яка 
утворена позитроном К-вакансії перерозподіляється 
між каскадними переходами і Оже-електронами, а 
однофотонна анігіляція позитронів з К-електронами 
атомів і молекул продукує характерні γ-кванти з енер-
гіями значень близько ߃ఊ ≈ 1,022	MeВ.  В роботі, під 
час дослідження однофотонної анігіляції позитронів з 
К-електронами виявлено зв’язок енергій утворених γ-
квантів з енергіями віддачі ядер ܧ, енергіями зв’язка  
електронів з К-оболонок – ܧ  різних атомів  і  енергі-
ями позитронів – ܧ. Обчислені перетини взаємодій 
позитронів з атомами розглянутих молодих оболонок 
наднових і отримані масштаби атомних електронних 
структур, що залучено у цю взаємодію. Визначено, що 
для атомів залізного піку перетини взаємодій позит-
ронів з атомами зростає на 4 порядки і утворює взає-
модії позитронів з оболонок K-L-електронів найбільш 
вірогідними. Доведено, що позитронна спектроскопія 
речовини у вигляді його характерного радіаційного 
відгуку розкриває для астрофізики нові можливості у 
дослідженні молодих залишків наднових та активних 
ядер галактик. Зокрема, у відношенні інтенсивності 
анігіляційних γ-ліній I(0,511)/I(1,022) виявляється 
можливим незалежне визначення відношення пилової 
маси до маси газово-молекулярної складової. Зробле-
но висновки з приводу вкладу у профілі зазначених γ-
ліній, які викликано різними елементами. Показано, 
що цей внесок не пов’язаний з власними динамічними 
рухами оболонок наднових. Вищезазначена обставина 
є особливо важливою при дослідженні Балджа актив-
них ядер галактик, де фізичні умови вважаються ста-
ціонарними на відносно великих масштабах 

Ключовi слова:  Наднові ІІ типу, радіоактивні еле-
менти, позитрона спектроскопія газу та пилу залишків    
наднових. 

 

1. Introduction 
 
The motion of fast particle streams through matter has 

always been used for studying of media. In the age of the 
first experiments of Ernest Rutherford and his apprentices, 
it had been already evident that the quantum structure of 
matter reacted differently to such particles. In those exper-
iments, the motion of fragments of radioactive nuclei after 
their decay could trigger different energy responses for 
one and the same matter, depending on its phase state. For 
solids and even for liquids, the loss of energy results in the 
least radiative response. After a fragment resulted from 

the decay creates a vacant K-L-M energy level in an atom 
in a solid phase, the energy conserved in this transition to 
the excited state is re-allocated between consecutive cas-
cades and change of the lattice structure of the solid. In 
addition, the stronger the interatomic bond in a solid is, 
the more efficient the latter route is. For a perfect dia-
mond-lattice the radioactive emission results in the change 
of its spectral properties (i.e. colour, absorption coeffi-
cient, conductivity, Young’s modulus, etc.). This is why 
dust particles in young supernova remnants change their 
optical and structural properties even during relatively 
short observations. A decrease in Young’s modulus is 
indicative of their amorphisation, as well as accelerated 
disintegration and sputtering of these particles in the inter-
stellar medium. Liquids behave similarly to solids, with 
the only exception being that the released energy is con-
verted predominantly into emission and dissociation of 
molecules which leads to an effective increase in the tem-
perature of the liquid. In astrophysics, the nebulae have 
never been observed as liquid gas-and-dust aggregates. 
Therefore, it is more reasonable to focus on studying the 
radiative properties of gas and dust being traversed by 
positrons. The presence of strong fluxes of hard radiation 
in the interstellar gas, supernova remnants and upper at-
mosphere of some stars results in qualitatively new effects 
and appearance of spectra of these media. In such media, 
as a result of vacant K energy levels created due to posi-
tron traveling, atoms undergo consecutive cascade transi-
tions with the transfer of the remaining energy to the Au-
ger electrons. In some cases, hard radiation produced in 
supernova remnants passes through very cold (30-80 K) 
gas and dust of the nebula. In these circumstances, we 
have got dual-mode source functions S(E,r) and electron 
velocity distribution functions F(E,r) depending on the 
energies E of photons and electrons, respectively, as well 
as on the current position r in the Type II SN 1987A rem-
nant (Jerkstrand et al., 2001; Doikov & Andrievskii, 2017; 
Doikov et al., 2018). The low probability of recombina-
tion of the excited atoms and molecules, along with the 
given specific values S(E,r) and f(E,r), indicates that the 
excited state of atoms of the supernova ejecta due to their 
ionisation is being maintained. As a consequence, the 
lifespans of a certain portion of atomic ions are long and 
comparable with the typical half-lives of radioactive ele-
ments injecting respective fast particles. A new method of 
distinguishing between isotopes using the ratio of inte-
grated strengths of their lines I( CaIଶ

ସସ )/I( CaIଶ
ସ ) was re-

ported in the afore-mentioned papers. CaIIଶ
ସସ  is a final 

product of radioactive decay chain Ti
଼ହ	୷
ሱ⎯ሮ Scଶଵ

ସସ 	୦
ሱሮ Caଶ

ସସ
ଶଶ
ସସ  

while CaIଶ
ସ  is the end-product of synthesis in the progeni-

tor star. Line profiles of neutral and ionised atoms are well 
studied for both isotopes. Spectroscopic response to the 
positron fluxes in the ejecta of SN 1987A was observed 
with the Hubble Space Telescope on 07th of January, 
1995, eight years after the supernova explosion. Optical 
transitions in the neutral and ionised calcium atoms were 
observed among others (Jerkstrand et al., 2011). Over 
several years of the infrared studies of this supernova, it 
has become evident that its ejecta consist of fragments 
(clumps) in which heavy elements that comprised the 
progenitor core before the explosion are concentrated 
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(Doikov et al., 2018). These clumps contain dust particles 
which produce mid- and far-IR emission spectra typical 
for astronomical silicates. Graphite and other carbon-
containing particles are less abundant and may have 
formed in the clumps originated from the C/O region of 
the progenitor star (Woosley et al., 1991).  

The mere fact of the optical emission spectra from the 
ejecta clumps is indicative of the presence of astronomical 
silicates therein. The inter-clump medium, as well as the 
frontal regions of the remnant, is rich in hydrogen and 
helium which together comprise 70% of the supernova 
ejecta matter. The density of hydrogen and helium in the 
clumps in the inner part of the ejecta is 104 cm-3 while in 
the inter-clump medium it is close to the interstellar value 
of  1 cm-3.  The presence of clumps in the interior of the 
ejecta is associated with their inertness. Major portion of 
hydrogen and helium (90% of their total abundance) is 
concentrated in front of these clumps, i.e. in the outer part 
of the ejecta. According to Varosi & Dwek (1999), the 
minimum number of clumps in the ejecta with the ele-
mental distribution as specified above may be set to 100. 
Such distribution of the ejecta fragments, i.e. clumps, was 
suggested on the basis of high-precision measurements of 
the IR emission from the dust concentrated in those 
clumps. Thus, there is a problem set out to solve, which is 
to semi-empirically determine the spectroscopic response 
within the clumps containing the radioactive isotope of 
titanium - ܶ݅ଶଶ

ସସ . The total amount of this isotope derived 
from the measurements of the radiation component of the 
products of a series of radioactive transformations 
ܶ݅

଼ହ	௬
ሱ⎯ሮ ܵܿଶଵ

ସସ 	
ሱሮ ଶܽܥ

ସସ
		ଶଶ
ସସ  is 1027 kg (Grebenev et al., 2012). 

With the half-life of 85 years, the standardised number of 
positrons within the bulk of the ejecta is 1051. Prior to 
their annihilation, positrons in the clumps undergo 103 

collisions on average. In the H/He of the outer part of the 
ejecta, this number averages 104 – 105 collisions. It means 
that over last 28 years after the hydrogen recombination 
the radioactive decay of ܶ݅ଶଶ

ସସ  has been a significant source 
of excitation of atoms and molecules. This paper focuses 
on the study of γ-emission spectra resulted from the posi-
tron annihilation in the gas and dust components of young 
supernova remnants. There are qualitative physical differ-
ences in the positron interaction with solid dust fraction 
and individual atoms and molecules. When a positron 
moving through matter is slowing down and losing energy 
by ionisation, it will decelerate until its energy is down to 
the thermal energy of free or atomic loosely-bound elec-
trons in the solid. As a result, the positron and an electron 
form a pair which further annihilate with the emission of 
two γ-quanta each with the energy ܧఊ = 0,511MeV. An-
other mode of electromagnetic interaction between posi-
trons and bound K-electrons results in the annihilation 
with emission of a single photon. This process will be 
discussed below in section 2 which proves its relevance to 
the study of young supernova remnants after the hydrogen 
recombination. The dependence of the cross-section for 
the one-photon annihilation on the energies of incident 
positrons and main characteristics of atoms and their nu-
clei will be considered separately in the same section. In 
this case, given the preliminary determined De Broglie 
wavelengths for positrons, it is possible to identify the 

atomic energy levels in which positrons enter into annihi-
lation interactions with electrons. Average thermodynamic 
quantities of supernova remnants, unlike those of the 
active galactic nuclei, change with time as described in 
sub-section 1.2. Time-varying chemical composition due 
to radioactive decay is another specific feature of such 
physical systems. Positron annihilation spectroscopy, 
combined with the findings reported by Doikov et al. 
(2018), allows obtaining information about the chemical 
evolution of supernova remnants using γ-lines produced 
by different elements. The kinetic energy of recoiling 
nuclei released upon the investigated single-photon anni-
hilation will be derived in the same section. We suggest 
considering the relationship between the calculated kinetic 
energy and characteristics of the recoiling nuclei spectral 
lines, including their Doppler broadening. These aspects 
have been discussed in more detail in Doikov et al. 
(2018). The γ-line profiles in astrophysical systems of a 
given type have been understudied; however, the im-
proved accuracy of γ-detectors along with the results ob-
tained in this research make it possible to adopt them for 
the quantitative study of diffuse nebulae which include 
supernova remnants. 

 
2. Positron annihilation spectroscopy of young su-

pernova remnants. Energy loss of positrons due to 
ionisation without annihilation in the nebular gas. 

 
The main reason for the luminescence of cold gas and 

dust in young supernova remnants is the ionisation by 
positrons moving in the matter. Positrons diffuse the ejec-
ta and trigger the luminescence emission throughout its 
entire volume which can be observed in different spectral 
regions at the current epoch. Let us consider such super-
nova remnant as a closed system with an attached moving 
reference frame. The law of total charge conservation for 
the ejecta should imply the equal number of positrons 
produced and annihilated per unit time. Otherwise, the 
condition of zero net charge of all ions, electrons and 
positrons is not met. In the afore-mentioned radioactive 
decay series, one 1s electron of the  ܶ݅ଶଶ

ସସ  isotope atom is 
captured while another one is shed as an Auger electron 
following the positron emission of the unstable isotope 
ܵܿଶଵ

ସସ . As noted in Doikov et al. (2017), in the supernova 
remnants positrons are more likely to annihilate with 
atomic K-electrons rather than with free thermal electrons. 
This statement has been corroborated by the International 
Gamma-Ray Astrophysics Laboratory (INTEGRAL) 
observations (Grebenev et al., 2012). The energy loss of 
positrons due to ionisation adds new cascade transitions to 
the detailed static balance equation; and the Auger effect 
is factored in in the Saha ionization equation factors. As a 
result, the supernova remnant is supplemented with the 
radiation field of hard photons and high-energy Auger 
electrons. These emergent quanta of hard radiation and 
especially the ejected Auger electrons proceed to excite 
the surrounding atoms of metals and give rise to copious 
number of transitions thereby filling the supernova ejecta 
with the diffusive radiation. The respective transitions 
triggered in such a manner were observed in optical and 
IR regions with the Hubble Space Telescope in January, 
1995. At the current epoch, this physical system is at the 

64 Odessa Astronomical Publications, vol. 31 (2018)



nebular phase. It means that quanta and electrons have 
energies which are sufficiently high to excite atoms and 
molecules within the entire volume of the ejecta. Since 
radioactive decay serves as an extra source of energy, we 
consider certain elementary steps of the ܶ݅ଶଶ

ସସ  radioactive 
transformations which are valuable for further calculations 
of estimates in compliance with the radioactive decay law. 

ܰ = ܰ݁ିఒ௧ = ܰ݁
ିబ.లవఴభ/మ

௧
,  (1) 

where ଵܶ/ଶ  is the half-life of ܶ݅ଶଶ
ସସ  ; ܰ is the initial num-

ber of atoms of this radioactive isotope. It is more efficient 
to use the rate of decay, i.e. the activity of the radioactive 
isotope, expressed as A, which is the number of decays 
per second and equal to the time derivative of N. In other 
words,  

ܣ = ௗே
ௗ௧
= − ܰ

.ଽ଼
ఁభ/మ

݁
ିబ.లవఴభ/మ

௧
.                 (2)  

Taking into account the total amount of the titanium 
isotope ܶ݅ଶଶ

ସସ , which has been estimated from the observa-
tions by Grebenev et al. (2012) and is 1027 kg, it may be 
deduced that at the current epoch on average one to three 
decays fall on each 1 cm3. It means that every second one 
to three positrons is ejected. The density of matter in the 
regions where the clumps are located is of the order of 104 
particles per 1 cm3 or 104 cm-3. In the outer H/He envelope 
in front of the clumps, the density reaches 108 cm-3. When 
an ejected positron just starts traveling, its maximum 
energy is of the order of 3.6 MeV; then, it loses 0.1% of 
its energy in each collision with the ejecta atoms. The 
kinetic energy loss of such a positron by ionisation is due 
to its annihilation with predominantly K-electrons, result-
ing in the creation of the respective core hole and transi-
tion of the atom to a highly excited state.  

Prior to annihilation with a bound atomic electron, a 
positron undergoes at least 103 collisions with heavy at-
oms and up to 104 collisions with light atoms. In other 
words, in the SN 1987A remnant at the current nebular 
phase, positrons are promoting transitions to the excited 
states throughout the entire ejecta, rather than just within 
clumps wherefrom they have been ejected (Doikov et al., 
2018). Let us calculate the specific energy of such colli-
sional excitation by positrons. To this end, the chemical 
composition of the supernova ejecta should be specified. 
Having defined the elemental distribution of the matter in 
the ejecta clumps, we can calculate the initial rates of the 
elementary processes required to comply with the basic 
laws of conservation. First of all, we should take into 
account the Kirchhoff's law which states that in thermo-
dynamic equilibrium the emissivity of matter is equal to 
its absorptivity. The thermal radiation coefficient (ߥ)ߟ 
should be correlated with the coefficient of thermal energy 
(heat) absorption  ݇(ߥ) and intensity of thermal radiation 
,݊)߇  :(ߥ

(ߥ)ߟ = ,݊)߇(ߥ)݇  (3)            .(ߥ

This formula does not require factoring in the dissipa-
tion of energy of incident positrons due to its minor con-
tribution to the kinetic energy dissipation coefficient as 
compared to the reduction of energy due to positron scat-

tering (or deflection). According to the preliminary esti-
mates reported by Kaastra & Mewe (1993) upon the re-
sults of quantum-mechanical computations, for the iron-
group elements about a half of the energy conserved upon 
the creation of a K-L vacancy is spent on triggering a 
cascade of radiative transitions while the rest is converted 
into the kinetic energy of the Auger electrons. In this case, 
equation (3) may be written as follows: 

(ߥ)ߟ = ,݊)߇(ߥ)݇	0,5  (4)   .(ߥ

The energy carried away by the Auger electrons should 
be then reduced by the total ionisation potential of all prin-
cipal energy levels which these electrons occupied before 
the ejection. (Figures 1-3 in Doikov et al. (2018) illustrate 
the results of precise calculations of kinematic and radiative 
properties of the ejecta for different regions of the SN 
1987A remnant, given its clumpiness as postulated by 
Woosley et al. (1988). The spectroscopy of nebulae is fea-
sible if there is a central compact source of radiation or if 
the nebula itself contain any sources of excitation of radia-
tion components (gas, molecules and dust). Among various 
codes used to simulate conditions in planetary nebulae, the 
most popular is the Cloudy code developed by Ferland 
(1998) and its modifications by Melech (2015). Note that 
the incoming flux of hard radiation from the central source 
to the planetary nebula does not affect the charge neutrality 
of the medium. Hard radiation promotes both light elements 
and metals to multiple excited states. In other words, one 
hard UV quantum when hitting, for instance, an iron atom, 
promotes several low-lying excited states. Subsequently, 
the de-excitation of the atom occurs via numerous allowed 
transitions through intermediate excited states. The nebula 
eventually luminesces producing a characteristic emission 
spectrum. The progress in examining spectra of planetary 
nebulae made it possible to accurately specify their physical 
properties and distinguish the CNO (carbon-nitrogen-
oxygen) ions sensitive to the electron density and tempera-
ture, as well as to other important characteristics of the 
nebula. In particular, the fluxes and spectra produced by the 
central source can be adequately separated from the sec-
ondary, the so-called diffuse components of the spectra of 
planetary nebulae. When the sources of excitation are pre-
sent in the ejecta being diffusively distributed therein, it 
seems feasible to study it using the Osterbrock-Lucy equa-
tions (formulae 8-12 here below). Employment of these 
formulae requires determination of the cross-sections for 
absorption, dissipation and emission in the nebular gas of 
the ejecta, as well as densities of atoms of different chemi-
cal elements and geometric parameters of the clumpy struc-
ture of the ejecta.  

Earlier mentioned cascade transitions in atoms 
throughout the ejecta are constrained on their characteris-
tics by the selection rules. Basically, there is only one 
allowed electron transition to the K shell (2p-1s) in the 
CNO elements. In the iron-peak elements after Sc, two 
electron transitions are allowed (3d-2p and 2p-1s). In 
other atoms, if the vacancy–filling transition is forbidden, 
the vacant energy level can only be filled by the recombi-
nation through allowed intermediate transitions (e.g. 
through f-levels) rather than via cascade transitions. At the 
current epoch, the primary radiation field is formed with-
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out significant conversion of the short-wave quanta emis-
sion to optical one, with the only exception being the 
intrinsic IR-emission of the ejecta dust particles, which are 
astronomical silicates. According to the findings by 
Doikov et al. (2018), the presence of the graphite dust in 
the SN 1987A debris should have resulted in blocking out 
the optical radiation, though, in fact, it was recorded dur-
ing the Hubble Space Telescope observations in 2005, in 
the eighth year after the supernova explosion. 

 
3. Young supernova remnants. Gas dynamics in the 

supernova ejecta. 
 
Today, the most extensively studied supernova remnant 

is SNR 1987A. As all supernova remnants, it has already 
passed the stage of free expansion after the supernova 
explosion 31 year ago, and is reckoned to be in the form 
of a nebula. Due to exponential relationship between the 
key thermodynamic and kinematic parameters of the su-
pernova ejecta, the gas-dynamic structure of intense ex-
plosions during the adiabatic phase of its expansion makes 
it possible to describe the remnant by the similarity and 
dimensional methods. In so doing, given a sufficient set of 
observations, the power-law indices in the equations of 
gas dynamics for the spherically expanding ejecta can be 
determined semi-empirically and written as the following 
simple expressions: 

ܯ)ߩ                       , (ݐ = ,ܯ)ߩ (ݐ ቀ
௧
௧బ
ቁ
ିଷ

, 

ܯ)ܶ , (ݐ = ,ܯ)ܶ (ݐ ቀ
௧
௧బ
ቁ
ିଷ(ଵିఊ)

              (5) 

where ܯ = ,⨀ܯ20 ߛ = 1.25 − 1.30. The temperature 
ܯ) and density (ݐܯ)ܶ ,  of the ejecta depends on the (ݐ
distance from the explosion site r and timescale of the 
process t. With the knowledge of the law of variations in 
the mean thermodynamic values it became possible to 
calculate the amount of dust resulted from the ejecta ex-
pansion. According to various estimates, the mass of the 
dust reaches one solar mass. Assuming the clumpy stric-
ture of the supernova ejecta, it may be deduced that astro-
nomical silicates and graphite dust were formed in differ-
ent regions of the ejecta at different times (within one to 
two years after the explosion as per observations). The 
presence of the dust particles, which radiate via lumines-
cence being exposed to the emission from the shock 
fronts, made it possible to study the interstellar medium at 
the front of the forward shock, as well as the supernova 
ejecta undergoing shock cooling described by formulae 
(5), over two decades after the explosion. However, re-
duced X-ray emission from the forward shock, which has 
been observed since 2015, should have resulted in the 
disappearance of the intrinsic emission of the dust; 
though, in fact, the X-ray emission has decreased to a 
lesser extent than predicted by the calculations of the dust 
energy balance. The self-emission of gas and dust in the 
ejecta observed over last 20 years has called for the pres-
ence of extra sources of energy, to which, earlier in the 
introduction, we have attributed the radioactive transfor-
mations of the ܶ݅ଶଶ

ସସ  isotope. Thus, for the supernova ejecta 

we can postulate the presence of a nebula with inner 
sources of energy. Observations in recent years have also 
shown that the supernova ejecta are clumpy. Dust and 
heavy elements, which are the supernova nucleosynthesis 
products, are concentrated in the ejecta clumps. The num-
ber of such clumps is of the order of 100. The clumps are 
surrounded by hydrogen and helium; these elements being 
concentrated mainly in the outer regions of the ejecta 
make a significant fraction of its total mass.  

The mean relative abundances of chemical elements in 
this study were estimated from the pair of equations (5). 
The total number of positrons in the ejecta is 1051, which 
is equivalent to one positron per 1 cm3. The volume of the 
ejecta expands with time while the number of positrons 
per 1 cm3 of the ejecta decreases; in any case, it results in 
the reduction in the emissivity within the entire bulk of the 
ejecta. The total luminosity of the ejecta may be taken as a 
constant value, which is valuable for the observations at 
short wavelengths, including the γ-rays. Another im-
portant aspect is that the shape of the remnant is not of 
significance for the integrated observations of sufficiently 
distant young supernova remnants. In this case, the rem-
nant is considered to be spherically symmetric. It is also 
important for mapping the supernova ejecta. 

 
4. Radiative transfer in the ejecta 
 
A specific feature of the Type II supernova remnants is 

the distribution of emitters within the entire bulk of the 
ejecta clumps. In this case, the motion of radiative fluxes 
is diffusive and isotropic rather than directed. This prob-
lem has been first considered for the active galactic nuclei. 
The excited state of atoms, molecules and dust resulting in 
their own radiation within large volumes of gas-and-dust 
aggregates was associated with the ejection of high-energy 
particles, i.e. cosmic rays, and exposure to hard X-rays 
and γ-rays. A solution to the equation of radiative transfer 
for volumetrically distributed emitters, i.e. dust particles, 
was proposed in the monograph by Osterbrock (1989). 
Later, Lucy et al (1991) modified the relations obtained by 
Osterbrock in order to simultaneously factor in the absorp-
tion and dissipation of the volumetrically emitted quanta. 
The resulting relations, which are important for our study, 
bear the name the Osterbrock-Lucy equations: 

     ࣪௦
௨(߬, ߱) ≡ (ఛ)

ଵିఠ[ଵି(ఛ)]
,   (6) 

ܲ(߬) =
ଷ
ସగ
ቂ1 − ଵ

ଶఛయ
+ ቀଵ

ఛ
+ ଵ

ଶఛమ
ቁ ݁ିଶఛቃ         (7) 

where   ߬௫௧ = ߬௦ + ߬௦௧, ߱ = ߬௦௧ ߬௫௧ൗ .      
Assuming that ε is the emission per unit volume of a 

clump and adopting equations (18) and (19), Varosi & 
Dwek (1998) derived formulae of the intensity ܫ௨௧(߬,  (ߠ
and total emerging flux ܨ௨௧(߬), which will be convenient 
for further calculations: 

,߬)௨௧ܫ (ߠ =
ఌ
ఘ
(1 − ݁ିଶఛ ୡ୭ୱ(ఏ)),  (8) 

(߬)௨௧ܨ =
గఌ
ఘ
ቀ1 − ଵ

ଶఛయ
+ ቀଵ

ఛ
+ ଵ

ଶఛమ
ቁ ݁ିଶఛቁ   (9) 

For the ejecta clumps with different composition the to-
tal emerging flux ܨ௨௧(߬) depends on the ratio between 
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the scattering, absorption and emission coefficients. The 
structure of the radiation field of clumps containing no 
dust was described by Doikov et al. (2018). In particular, 
the source function S(E,r) was defined. The presence of a 
substantial amount of the graphite dust in the ejecta should 
have noticeably suppressed the short-wavelength portion 
of the source function S(E,r) that could have made the 
production of the remnant atomic spectra, de facto ob-
served in 1995, impossible. The graphite dust contributes 
to the emission from the shock fronts of SN 1987A 
whereas the silicate dust emission fits better to explain the 
spectroscopic features of the ejecta. The particle-size 
distribution function n(a) 	≈ ܽିଷ,ହ; 	10ିଽ݉ < ܽ < 0.25 ∙
10ି݉ is typical for the silicate dust. When interpreting 
the spectroscopic data on the interstellar medium and 
supernova remnants, we consider the so-called astronomi-
cal silicates. Apart from their intrinsic emission, these 
particles scatter the short-wavelength component of S(E,r) 
and let the optical and partially IR emission through. 
When calculating monochromatic optical depth of a clump 
for a given S(E,r), we can add the expression for the 
emerging flux produced exclusively by astronomical sili-
cates to formula (21) for the total emerging flux ܨ௨௧(߬): 
(ߣ)ఒ௦ܨ = )ఒ߀(ߣ)ௗ݇݉ߨ4 ௗܶ)   (10) 
In this formula, ݉ௗ is the mass of the silicate dust in an 

ejecta clump; ݇(ߣ) is the absorption coefficient for a given 
type of astronomical silicates; ߀ఒ( ௗܶ) is the Planck func-
tion for particles with the temperature ௗܶ. Unlike active 
galactic nuclei wherein particles which promote excita-
tion, as well as quanta, widely range in their energies, the 
SN 1987A ejecta contain positrons serving as an excita-
tion source with energies constrained by the nuclear 
transmutation laws which can reach 3.6 MeV. As men-
tioned earlier, the satellite observations provided a rather 
accurate estimate of the amount of the titanium radioac-
tive isotope in the SN 1987A ejecta – 1027 kg. It means 
that the energetic activity of the radioactive titanium is 
strictly determined at a given instant of time. The spectro-
scopic response of cold gas and dust in the ejecta, through 
which the fluxes of positrons pass, is no different from the 
analogous spectroscopic response to the flux of electrons. 
The differences appear at low intrinsic energies of posi-
trons, i.e. at the stage of positron annihilation. Since the 
density of matter of the ejecta at the nebular phase is ex-
ceptionally low, it may be postulated that the probability 
of annihilation of positrons and free electrons within this 
nebula is low. The electron density is orders of magnitude 
lower than the atomic one. Hence, the annihilation of a 
positron with a bound atomic electron would be more 
probable. Low-energy positrons within the ejecta clumps 
annihilate mainly with K-L electrons of atoms. As will be 
shown below, upon such annihilation event, following the 
laws of conservation of energy and momentum, the atom 
is allowed to emit a single γ-quantum with the energy of 
the order of 1.0-2.79 MeV. Annihilation of positrons with 
free electrons yields two γ-quanta each with the energy of 
0.511 MeV. It is the positron annihilation with bound 
electrons resulting in the emission of a 1.022 MeV quan-
tum that has been detected by the INTEGRAL observa-
tions. It is problematic to suppose that there is a stable 
production of a certain amount of primary electrons with 

the given narrow range of energies similar to that one of 
positrons in the absence of a compact relativistic source in 
the supernova remnant. Therefore, young supernova rem-
nants may be considered as unique objects with respect of 
their γ-ray spectroscopic measurements. The improved 
resolution of the γ-spectra of young supernova remnants 
allows considering the problem of differentiation of these 
spectra by the chemical composition. The optical thick-
ness of matter factoring in the energy distribution of quan-
ta in the γ-ray region of the ejecta spectrum will be de-
rived in the next section.  

 
5. Determination of the SN composition by the posi-

tron annihilation spectroscopy methods. Annihilation 
γ-lines. 

 
The determination of the field of positron velocities 

(kinetic energies) in the ejecta, as well as the elemental 
electronic arrangement, enables us to set the problem of 
their identification. The radioactive transformation of the 
ܶ݅ଶଶ

ସସ  yields positrons with low Lorenz factor. In this case, 
the problem on the interaction and further annihilation of a 
positron with a K-electron of the target atom can be 
solved in the boundary approximation of low energies 
(Doikov et al., 2018; Mikhaylov et al., 1998; Anshu et al. 
2010). To this end, first, it is necessary to calculate the 
cross-section for the single-photon annihilation of a posi-
tron with an atomic K-electron by the following formula: 

శߪ
ା =  (11)   ,(శ߃)ସ߮ߙܼହߪ

(శ߃)߮                 =
ସ

య

శ(ாశା)
൬
ாశ
మ


మ +

ଶ
ଷ

ாశ


+ ସ
ଷ
−

																																							−	
ாశାଶ

శ
ln

ாశାశ


൰,   (12) 

where ߃శ , -శ are the energy and momentum of an inci
dent positron, respectively; ݉ is the mass of a core elec-
tron; Z is the atomic number of the core electron; ߪ is the 
cross-section of dissipation of the electron energy. Fur-
ther, the monochromatic optical depth of the investigated 
gas-and-dust medium should be expressed as follows: 

τஓ = nσୣశ
ା Δx,                              (13) 

where n is the gas density; ݔ߂ is the thickness of the ab-
sorbing layer. In order to derive the γ-ray spectra of young 
supernova remnants and active galactic nuclei, as well as 
to perform their mapping, the obtained values ߬ఊ should 
be plugged in formulae (8) и (9).  The dependence of the 
cross-section ߪశ

ା  on the nucleus charge (expressed in 
relativistic units and equal to the atomic number of the 
chemical element Z) is illustrated in Table 1. The units of 
measurement for the cross-section are cm2. The cross-
section for the light elements is comparable to the mean 
geometric cross-section of the K-shells of the target at-
oms. However, for the iron-peak elements the probability 
of positron annihilation with an L-electron is 10%. 

Next, we should take into account that when a positron 
slows down to the K-electron velocity, the single-photon 
annihilation with a K-electron occurs. In this case, the set 
of equations of conservation of energy and momentum 
can be written as follows: 
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Table 1: Dynamic characteristics of the elements relevant 
to the employment of positron annihilation spectroscopy 
methods for the one-photon annihilation of positrons and 
K-electrons in young supernova remnants 

El-nt At. Wgt Eb(eV) Lgߪశ
ା   (MeV)ܧ ఊ(MeV)ܧ 

ଵଵܪ  1.0081 13.602 -26.8551 1.026533 0.000564 
ଵଶܪ  2.01410178 13.602 -26.8551 1.026629 0.000467 

ଶ݁ܪ 
ଷ  3.01602932 24.586 -25.6339 1.026818 0.000267 
ଶ݁ܪ
ସ  4.00260325 24.587 -25.634 1.026873 0.000213 
ଷ݅ܮ
  6.01512280 64.40 -25.2194 1.026932 0.000114 
ଷ݅ܮ
  7.01600456 64.40 -25.2194 1.026912 0.000134 
ସ݁ܤ
  7.01692983 123,6 -24.9133 1.026908 7.84E-05 
ସ݁ܤ
ଽ  9.01218224 123,6 -24.9133 1.026908 7.84E-05 
ଵଶܥ  12.0 296 -24.4648 1.026767 4.74E-05 
ଵଷܥ  13.0033548 296 -24.4648 1.026783 3.1E-05 
ଵସߋ  14.0030740 403 -24.2843 1.021399 0.005308 
ଵହߋ  15.0001089 403 -24.2843 1.025435 0.001272 
଼ܱଵ  15.9949146 538 -24.1397 1.025731 0.000841 
଼ܱଵ  16.9991317 538 -24.1397 1.026539 3.34E-05 

 

ቊ
߃ + 2݉ܿଶ = ఊܧ + ܧ + ܧ

ܲ = ఊܲ + ܲ
.                        (14) 

Alternatively, by squaring the second equation (the 
equation of conservation of momentum) and replacing the 
momentum moduli with the appropriate values of energy 
and mass from  the expression ܲଶ =  we obtain a  ,ܧ2݉
set of equations which is more convenient for the calcula-
tions:  

൝
߃ + 2݉ܿଶ = ఊܧ + ܧ + ܧ

2݉ܧ = ቀாം

ቁ

+ 2 ቔாം


ቕඥ2݉ܧܿߙݏ + 2݉ܧ

 (15) 

Here ߃, ߃  are the incident positron energy and binding 
energy of a K-electron of the target atom, respectively; ݉ 
is the electron (positron) mass; ܧఊ is the sought value of 
the energy of the γ-quantum emitted upon annihilation; ܧ 
is the recoil energy of the nucleus. In the second equation 
of the set of equations (14), α is the emission angle be-
tween the atom and γ-quantum upon the annihilation of a 
positron and a K-electron. In the investigated positron 
low-energy limit, the angles α range from 0 to π/2 rad. 
Then, the mean value of cos α = 1/2.    

The cross-sections for the annihilation of positrons and 
К – electrons are the greatest when their kinetic energies 
are equal to ߃ . The numerical solution to the set of equa-
tions (11) is four pair of values for the recoil momentum 
of the nucleus ܲ and frequancies ߥఊ	 of the emergent γ-
quanta. The equation presented below was derived with 
adoption of the Hartree atomic unit system Hartree (1957). 
The electron or positron rest energy E = mec2 =1 was 
chosen as a unit of energy. The other physical quantities 
expressed in relativistic units are defined by the sequence 
of relations ħ=c=me=1. Finally, we will solve the follow-
ing set of equations: 

ቊ
߃ + 2 = ఊܧ + ܧ + ܧ

ܧ2 = ఊܧ + උܧఊඏඥ2݉ܧ + 2݉ܧ
.  (16)   

In case of positron deflection (scattering) at small angles 
≈  the previous set of equations shall be re-written ,݀ܽݎ	0
as follows: 

ቊ
߃ + 2 = ఊܧ + ܧ + ܧ

ܧ2 = ఊܧ + 2උܧఊඏඥ2݉ܧ + 2݉ܧ
.  (17)   

The solution for this set of equations will be expressed as 
follows: 

ఊସܧܣ + ఊଷܧܤ + ఊଶܧܥ + ఊܧܦ + ܧ = 0  (18) 

Here ܣ = 1; ܤ = 2݉; ܥ	 = 4ൣ(݉
ଶ −݉൫ܧ + 2 −

൯ܧ − ;൧ܧ4 ܦ	 = 8݉ ቀܧ − 2݉൫ܧ + 2 − ൯ቁܧ ; ܧ	 =

ܧ4ൣ −݉൫ܧ + 2 − ൯൧ܧ
ଶ; ݉ is the mass of the nucle-

us or its isotope; ܧ is the recoil energy of the given nu-
cleus. Table 1 presents these values expressed in relativ-
istic non-system units. In Table 1, the chemical elements 
produced in the supernova explosion and present in the 
SNR 1987A, as well as the respective values ܧ and ߃ఊ 
were adopted from the studies by Woosley (1991) and 
Popov et al. (2014). The obtained results allow not only 
comparing ܲ and ߃ఊ for the target atoms, but also detect-
ing any correlation between the recoil momentum of nu-
clei and the associated Doppler broadening of their emis-
sion lines in the spectra of young supernova remnants and 
active galactic nuclei.  

 
6. Summary and discussion of the findings 
 
The following characteristic features of the radiative 

response described by Doikov et al. (2018) appear in the 
media exposed to the positron fluxes:   

1. The presence of a characteristic non-thermal radia-
tion field with its source function. 

2. Non-thermal dual-mode electron energy distribution 
function associated with the injection of the Auger elec-
trons into the medium. 

3. The presence of characteristic γ-lines in the spectrum 
of the nebular ejecta. 

4. The presence of a correlation between the energies of 
γ-quanta, binding energies of nuclei and their recoil ener-
gies upon the single-photon annihilation of K-electrons in 
the respective atoms and incident positrons. 

5. The calculations by formulae (16) have yielded γ-
quanta energies which are not consistent with the results 
of experiments in the one-photon annihilation and physi-
cal properties of the interacting quantum systems predict-
ed by the Feynman diagrams; hence, their adoption in 
solving the indicated problems is not reasonable.  

6. The calculations by formulae (17) are important for 
the description of young supernova remnants and active 
galactic nuclei as they show the relationship between the 
recoil energy of the nucleus ܧ and the energy of the emit-
ted γ - quantum ߃ఊ given the energy of the incident posi-
tron of 0.01MeV. The given values ߃ఊ are physically 
significant. 

 
7. Molecular spectra 
 
Active radio observations of young supernova remnants 

have been carried out for a long time, which allowed col-
lecting extensive observational data. Potter et al. (2015) 
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reported data on the strengthening of the fluxes of radio 
emission from the  Нଶ molecule generated in the superno-
va ejecta. Generation of such fluxes requires the fulfilment 
of two conditions, such as sufficiently high amount of 
molecular hydrogen and the presence of an efficient 
source of energy. The first condition was met just after a 
three-year period of recombination of atomic hydrogen. 
With regard to the sources of excitation, the mapping of 
the images has shown that a source of hydrogen excitation 
is located in the supernova ejecta. As mentioned above, 
either positrons or the Auger electrons may serve as such 
a source. Non-optical photons are likely to destroy mole-
cules. The Auger electrons or positrons should have ener-
gies of the order of 100 eV to be able to excite the mo-
lecular hydrogen lines. The probability of the presence of 
positrons with such energies is low since as early as at 
such energies they efficiently annihilate with bound atom-
ic electrons. In contrast, according to the functions of the 
electron energy distribution in the supernova ejecta F(E,r) 
reported by Doikov et al. (2018), the likelihood of the 
presence of the Auger electrons with such energies is 
high. In these functions, E is the energy of electrons, and r 
is the current position of the examined unit volume of the 
ejecta relative to the explosion site. The increased emis-
sion flux from the Н2 molecule confirms a substantial 
increase in the density (and proportion) of the Auger elec-
trons with the indicated energies.    

 
8. Conclusions 
 
The presence of positron fluxes in the gas-and-dust ag-

gregates of supernova remnants allows detecting their 
luminosity across various spectral bands.  

1. The decay of proton-rich nuclei of the radioactive 
isotope  ܶ݅ଶଶ

ସସ   via a series of transformations 
ܶ݅

଼ହ	௬
ሱ⎯ሮ ܵܿଶଵ

ସସ 	
ሱሮ ଶܽܥ

ସସ
		ଶଶ
ସସ  is a source of positrons in the 

supernova ejecta. The energy loss of positrons due to 
ionisation results in the creation of vacant K energy levels 
in atoms, followed by cascade transitions and ejecting of 
the Auger electrons. The hard UV and soft X-ray radiation 
field is formed; this radiation promotes further excitation 
of atoms and molecules. 

2. Positron annihilation in the ejecta dust particles 
yields two γ-quanta each with the energy of 0.511 MeV. 

3. If the positron energy ܧ  is close to the binding en-
ergy ܧ  of the atomic K-electron, the annihilation occurs 
with the emission of a single photon upon which the nu-
cleus gains the recoil energy ܧ. The data given in Table 1 
enable to estimate the kinetic energy of atoms gained in 
the annihilation events.   

4. The Doppler broadening is expected for the spectral 
lines of atoms involved in both radioactive decay and 
annihilation processes. 

5. The cross-sections for annihilation with the emission 
of a single photon for various atoms of astrophysical rele-
vance were obtained. From the preliminary determined 
cross-sections and De Broglie wavelengths for positrons, 
we have deduced which atomic electrons enter into anni-
hilation with positrons. 

6. The author suggests considering the established cor-
relation between ܧ and ߃ఊ  to be a basis for the determi-

nation of the chemical composition of the target superno-
va remnants and active galactic nuclei. 

7. Using accurate positions of the γ-lines, it is feasible 
to specify the velocity range for positrons which contrib-
ute to these lines.   

In summary, this study has shown the relationship be-
tween manifestations of the positron motion in the γ- 
region of the spectrum and the appropriate characteristics 
of the radiation field in cold gas-and-dust aggregates. 
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