
ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2023. Âèïóñê 60. Ñ. 137-142

Visnyk of the Lviv University. Series Physics. 2023. Issue 60. P. 137-142

ÓÄÊ 524.37, 524.5, 524.7 https://doi.org/10.30970/vph.60.2023.137
PACS 98.38.Am, 98.38.Ly

MODELING THE RADIAL DISTRIBUTION
OF CHEMICAL COMPOSITIONS IN CRAB

NEBULA FILAMENTS

N. Havrylova, B. Melekh, V. Holovatyy

Ivan Franko National University of Lviv,
Kyrylo and Mefodiy St., 8, 79005 Lviv, Ukraine

e-mail: nvgavryloval@mail.com

The chemical compositions within the filaments of the Crab Nebula were de-
termined using a 3-stage optimized photoionization modeling method of the
nebular gas, employing diagnostic ratios between emission line intensities. The
radial distribution of chemical compositions within the Crab Nebula filaments
was analyzed using observed data obtained from seven distinct aperture posi-
tions on the Crab Nebula filaments. Our results do not confirm an increase of
the relative abundance of chemical elements in the outward direction obtained
previously by diagnostic method.
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1. Intoduction

The �laments observed within the Crab Nebula represent the remnants of a supernova
explosion observed from Earth in 1054 AD, as documented by Japanese and Chinese
astronomers of the time.

The spectra of these �laments resemble those of planetary nebulae, consisting of rare�-
ed nebular plasmas primarily heated through photoionization by the ionizing radiation
emitted from their central stars. In the case of the Crab Nebula, the emission from the
�laments stems from the ionization of its amorphous mass by ionizing quanta emitted by
relativistic (synchrotron) electrons accelerated by the strong magnetic �eld of the central
pulsar.

Several scientists have investigated the chemical compositions within the �laments of
the Crab Nebula [1�4]. The data obtained by these researchers reveal signi�cant spatial
variations in the chemical compositions. These variations do not stem from observational
errors; rather, they appear to be intrinsic. Holovatyy and Pronik [4] demonstrated an
increase in chemical abundances in the outward direction within the Crab Nebula, a
result that challenges the theory of stellar nucleosynthesis. In this study, we aim to verify
this claim using an optimized photoionization modeling approach.
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2. Input data for modeling

In our study, we present novel approach into the chemical compositions of the �-
laments within the Crab Nebula. Before our research, we analyzed observed spectra [3].
To improve the precision of our chemical composition determinations, we employed an
innovative 3-stage method based on optimized photoionization modeling (OPhM) of the
nebular gas [5].

Using the FREE_DIAGN code, we derived electron temperatures Te, electron densi-
ties ne, ionic abundances, and chemical compositions for individual �laments of the Crab
Nebula. This code incorporates the ionization-correction factors (ICFs) for planetary
nebulae to account for density inhomogeneities within the nebular gas [6].

The distances from the center of the Crab Nebula to the individual �laments have
been recalculated, assuming a distance to Earth of 1800 pc. To determine the distances
to the observed parts of the Crab Nebula, we used averaged radial and electron density-
weighted ionic abundances, speci�cally O+/H+ and O++/H+.

In [7], a relationship was established between the distances from the center of the
Crab Nebula to the observed �laments and the oxygen ionic abundances there:

R = 689, 70×
(
O++ +O+

H+
− 7, 02× 10−4

)
pc. (1)

As a result, in [7], the radial distribution of chemical compositions in the Crab Nebula
�laments were determined using diagnostic results. It was obtained that there is an
increase in abundances as one moves outward from the central region for He/H, O/H,
and Ne/H, while no such increase was observed for S/H and N/H:

He/H = −0.225(±0.011) + 0.461(±0.015) ∗ R,
log(O/H) = −4.39(±0.43) + 0.80(±0.48) ∗ R,
log(Ne/H) = −5.30(±0.51) + 0.99(±0.28) ∗ R,
log(N/H) = −4.51(±0.63) + 0.09(±0.73) ∗ R,
log(S/H) = −4.56(±0.77)− 0.49(±0.90) ∗ R.
We decided to recalculate the chemical compositions using a method based on opti-

mized photoionization modeling to improve the accuracy of the diagnostic method. We
started to solve this task in paper [7] and performed OPhM only for three aperture
positions. Here we represent OPhM for rest aperture positions.

3. Optimized photoionization modeling

The chemical compositions in the �laments of the Crab Nebula were determined using
a novel 3-stage method [5] based on OPhM of the nebular gas. This method relies on the
utilization of speci�c diagnostic ratios (DRs) between emission line intensities, which are
sensitive to electron temperature and/or electron density, as well as on the interrelati-
onships between emission line intensities of chemical elements in adjacent ionization
stages, which are sensitive to the shape of ionizing radiation spectra, and were employed
to reproduce the observed data [5]: λ6731[SII] / λ6716[SII], λ7323[OII] / λ7332[OII],
λ3727[OII] / λ6300[OI], λ4686(HeII) / λ4471(HeI), λ4686(HeII)/ λ5876(HeI), λ4471(HeI)
/ λ5412(HeII), λ5876(HeI) / λ5412(HeII), λ4959[OIII] / λ4363[OIII], λ5007[OIII] /
λ4363[OIII], λ5007[OIII] / λ3727[OII], λ6731[SII] / λ6312[SIII].
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At the �rst stage, we determined the ionization structure of the nebula primarily
by reproducing the observed diagnostic ratios between line intensities. In the second
stage, we adjusted the abundances of chemical elements based on the previously obtained
ionization structure. In the �nal third stage, we optimized all free parameters to mitigate
any consequences stemming from the assumptions, allowing us to divide the optimization
process into the initial two stages.

We analyzed the impact of variations in each of the free parameters on the results of
OPhM. Our analysis led to the conclusion that He/H, O/H, and, for high abundances,
S/H should be included as free parameters in the �rst calculation stage. Additionally,
the N/H abundance should be included if it attains high values.

The following free parameters were employed for the OPhM of the Crab Nebula:
hydrogen density, covering factor, energy distribution in ionizing spectra, and chemical
abundances (He/H, O/H, and sometimes S/H for Stage I; all available chemical elements
for Stage II and Stage III). To initialize the chemical composition of elements, we used
corresponding data previously obtained through diagnostic methods.

For the comparison of modeling results with observed data, we used the relative
intensities of emission lines, the �ux in the Hβ line, the nebular outer radius, and the
diagnostic ratios. Additionally, we replicated the observed relationship between the Hα

and Hβ lines.
The ionizing Lyman continuum (Lyc) spectrum was also adjusted during the opti-

mization process. This allowed us to reproduce the optimal energy distribution in the
ionizing radiation spectrum within corresponding modeling region. As a result, a detailed
investigation of the ionizing radiation transfer from the pulsar to the modeled (observed)
part of the nebula was not required.

We have used Peter van Hoof's optimization algorithm Phymir
(http://dissertations.ub.rug.nl/faculties/science/1997/p.a.m.van.hoof) to minimize
the χ2-function. For the OPhM of the nebular gas in the �laments, we employed Gary
Ferland's Cloudy 08.00 code (http://www.nublado.org), which was enhanced to include
the shape of the ionizing spectrum as a free parameter and to compare the model
diagnostic ratios with the observed ones. We analyzed the sensitivity of relative line
intensities and diagnostic ratios to variations in chemical abundances and accounted for
these factors.

The radial distribution of chemical elements in the �laments of the Crab Nebula was
examined using OPhM results for all seven available parts of the Crab Nebula �laments.
However, as it can be seen in Fig. 1 the OPhM results did not con�rm an increasing of
chemical elements abundance from the central region of the nebula in outward direction.

Conclusions

The radial distribution of chemical compositions in the �laments of the Crab Nebula
was examined using OPhM results for all seven available segments of this nebula �-
laments. The OPhM results did not con�rm an increase in the abundance of chemi-
cal elements from the central region of the nebula. Thus, the stellar evolutionary
nucleosynthesis theory is no longer in con�ict with the results of the determination of
chemical abundances in the Crab Nebula. In our view, the diagnostic errors in determini-
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Fig. 1. The radial distribution of the chemical compositions in Crab Nebula �laments based on
OPhM results.

ng the chemical abundances through diagnostic methods are due to the use of ICFs
of planetary nebulae. It appears necessary to derive ICFs separately for supernova
remnants. This necessity arises at least from photoionization models, as they should
be calculated based on synchrotron spectra of ionizing radiation, rather than on the
spectrum from models of stellar atmospheres (as in the case of planetary nebulae photoi-
onization models). Only such photoionization models can be used to derive the new ICFs
for supernova remnants.
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Õiìi÷íèé âìiñò âîëîêîí Êðàáîïîäiáíî¨ òóìàííîñòi áóëî âèçíà÷åíî çà äî-
ïîìîãîþ 3-ñòàäiéíîãî ìåòîäó ïîøóêó îïòèìiçàöiéíèõ ôîòîiîíiçàöiéíèõ ìî-
äåëåé ñâiòiííÿ (ÎÔÌÑ) íåáóëÿðíîãî ãàçó. Öåé ìåòîä âèêîðèñòîâó¹ äià-
ãíîñòè÷íi ñïiââiäíîøåííÿ ìiæ iíòåíñèâíîñòÿìè åìiñiéíèõ ëiíié. Íà ïåð-
øié ñòàäi¨¨ ðîçðàõóíêó ÎÔÌÑ âèçíà÷à¹òüñÿ iîíiçàöiéíà ñòðóêòóðà òó-
ìàííîñòi øëÿõîì âiäòâîðåííÿ ñïîñòåðåæóâàíèõ äiàãíîñòè÷íèõ ñïiââiäíî-
øåíü ìiæ iíòåíñèâíîñòÿìè åìiñiéíèõ ëiíié òà âiäíîøåíü ìiæ iíòåíñèâ-
íîñòÿìè ëiíié éîíiâ ó ñóñiäíiõ ñòàäiÿõ iîíiçàöi¨. Íà äðóãié ñòàäi¨¨ êîðå-
ãó¹òüñÿ õiìi÷íèé âìiñò ïðè çíàéäåíié ïîïåðåäíüî iîíiçàöiéíié ñòðóêòóði.
Íà òðåòié ñòàäi¨ ðîçðàõóíêó ÎÔÌÑ âñi âiëüíi ïàðàìåòðè çàëó÷àþòüñÿ
äî îïòèìiçàöiéíîãî ïðîöåñó îäíî÷àñíî, ùîá óíèêíóòè ïîòåíöiéíèõ íåòî-
÷íîñòåé, ÿêi ìîæóòü áóòè ðåçóëüòàòîì ïðèïóùåíü, çðîáëåíèõ ïiä ÷àñ ïî-
äiëó ïðîöåñó îïòèìiçàöi¨ íà ïåðøi äâà åòàïè. Ïðè îïòèìiçàöiéíîìó ìî-
äåëþâàííi áóëî âèêîðèñòàíî íàñòóïíi âiëüíi ïàðàìåòðè: ãóñòèíà âîäíþ,
ôàêòîð çàïîâíåííÿ òóìàííîñòi ãàçîì, åíåðãåòè÷íèé ðîçïîäië iîíiçóþ÷î-
ãî ñïåêòðó òà õiìi÷íèé ñêëàä. Äëÿ ïîðiâíÿííÿ ðåçóëüòàòiâ ìîäåëþâàííÿ
çi ñïîñòåðåæóâàíèìè äàíèìè áóëè âèêîðèñòàíi íàñòóïíi ïàðàìåòðè: ìî-
äåëüíi åìiñiéíi ñïåêòðàëüíi ëiíi¨, ïîòiê â ëiíi¨ Hβ , çîâíiøíié ðàäióñ òó-
ìàííîñòi òà âiäïîâiäíi äiàãíîñòè÷íi ñïiââiäíîøåííÿ. Iîíiçóþ÷èé Lyc-ñïåêòð
òàêîæ çìiíþâàâñÿ ïðè îïòèìiçàöiéíîìó ìîäåëþâàííi. Äëÿ ìiíiìiçàöi¨ χ2-
ôóíêöi¨ áóëî âèêîðèñòàíî îïòèìiçàöiéíèé àëãîðèòì Phymir Ïiòåðà âàí Ãî-
ôà (http://dissertations.ub.rug.nl/faculties/science/1997/p.a.m.van.hoof). Äëÿ
ðîçðàõóíêó ÎÔÌÑ íåáóëÿðíîãî ãàçó ó âîëîêíàõ Êðàáîâèäíî¨ òó-
ìàííîñòi áóëî âèêîðèñòàíî ïðîãðàìó Ãàði Ôåðëàíäà Cloudy 08.00
(http://www.nublado.org), ÿêà áóëà ïîïåðåäíüî ìîäèôiêîâàíà íàìè ç ìåòîþ
âêëþ÷åííÿ ïàðàìåòðiâ, ùî çàäàþòü ôîðìó ñïåêòðó iîíiçóþ÷îãî âèïðîìi-
íþâàííÿ, äî âiëüíèõ ïàðàìåòðiâ îïòèìiçàöiéíèõ ìîäåëåé, à òàêîæ ç ìåòîþ
ïîðiâíÿííÿ ìîäåëüíèõ òà ñïîñòåðåæóâàíèõ ñïiââiäíîøåíü ìiæ iíòåíñèâíî-
ñòÿìè åìiñiéíèõ ëiíié. Áóëî ïðîàíàëiçîâàíî ðàäiàëüíèé ðîçïîäië õiìi÷íèõ
âìiñòiâ ó âîëîêíàõ Êðàáîïîäiáíî¨ òóìàííîñòi íà îñíîâi ðîçðàõóíêiâ 7 îïòè-
ìiçàöiéíèõ ìîäåëåé. Ðåçóëüòàòè íå ïiäòâåðäèëè çðîñòàííÿ âìiñòó õiìi÷íèõ
åëåìåíòiâ ç âiäñòàííþ âiä öåíòðó òóìàííîñòi.

Êëþ÷îâi ñëîâà: Êðàáîïîäiáíà òóìàííiñòü, íåáóëÿðíà äiàãíîñòèêà, ôîòî-
iîíiçàöiéíå ìîäåëþâàííÿ.


