70

Odessa Astronomical Publications, vol. 34 (2021)

DOI 10.18524/1810-4215.2021.34.244288

ACTINIUM ABUNDANCES IN STELLAR ATMOSPHERES

V. Yushchenko!?, V. Gopka!, A. Yushchenko®, A. Shavrina?, Ja.Pavlenko ?, S. Vasil’eva?
! Astronomical Observatory, Odessa National University, 65014-UA Odessa, Ukraine,

vfgopka@ukr.net

2 Main Astronomical Observatory of National Academy of Science of Ukraine, Kyiv, Ukraine

% Astrocamp Contents Research Institute, Goyang, 10-329, Republic of Korea

ABSTRACT. This paper presents a study of radioactive
actinium in the atmospheres of stars located in galaxies
with different chemical evolution history — namely,
Przybylski's Star (HD 101065) in the Milky Way and the
red supergiant PMMR27 in the Small Magellanic Cloud;
it also reports the findings of the previous research of the
red supergiant RM 1-667 in the Large Magellanic Cloud
and the red giant BL138 in the Fornax dwarf spheroidal
galaxy. The actinium abundance is close to that of urani-
um in the atmospheres of certain stars in the Milky Way’s
halo and in the atmosphere of Arcturus. The following
actinium abundances have been obtained (in a scale of Ig
N(H) = 12): for the red supergiants PMMR27 and RM 1-
667 Ig N(Ac) = -1.7 and Ig N(Ac) = -1.3, respectively, and
for the red giant BL138 Ig N(Ac) = -1.6. The actinium
abundance in the atmosphere of Przybylski's Star (HD
101065) is g N(Ac) = "0.94+0.09, which is more than two
orders of magnitude higher than those in the atmospheres
of the other studied stars.

Keywords: stars: abundances — stars: abundances — actin-
ium: atmospheres — stars: Stars: individual (PMMR27,
RM_1-667, HD101065, BL138).

AHOTALIA. 3anouyatkoBana aBtopamu 3 2018 poky
poboTa 1o JOCITIHKEHHIO BMICTY PagiOaKTHBHOTO KOPOT-
KOXKHMBYJOTO eJleMeHTy akTuHito (Z=89) B aTtMochepax
3ip, II0 HaJeXaTh TaJlaKTHKaM 3 Pi3HOIO iCTOpi€ro XiMid-
HOi eBomomii. BaknnBoro mepeayMoOBOIO BH3HAYCHHS
BMICTy aKTHHIIO CTajla HasBHICTb TEOPETHYHHUX CHII OCIIH-
JISITOPiB, BHU3HAUCHMX B HaOmmkKHHI XaTtpTpi-Doka
(Quinet et al., 2007) i ®oxka-Iipaka (Urer & Ozdemir,
2012). BuzHaueHHsT BMICTY aKTHHIO B aTMoc(epax 3ip 11e
HacamIiepe]] epeBipka TEOPETUYHUX CUJI OCLMIATOPIB 3
OIHOr0 OOKY 1 JIOCHI/DKEHHS aKTHHIIO B IOPIBHSHHI 3
JBOMa IHIIMMHM aKTUHOIZamMH (TOpid 1 ypaH) 3 iHIIOrO
6oky. Lli Tpu eneMeHTH € HaliBaXK4i eJIEMEHTH, SKi Hapasi
JOCTIKYIOTRCS B aTMOochepax 3ip.

Ha BigmiHy Bim Topito i ypaHy, CIEMEHTIB , 130TOIH
SIKUX MafoTh IOBIHH Tepiol MiBpO3Maay, aKTHUHIHM, SKHN
Mae  mepiog — miBpo3mamy Bchoro 22.77(3) pokw,
imIeHTH]IKyeTbCI B CHEKTpax 3ip 3 AedhopMoBaHEMHU
CHJIBHUMH JiHIAME (BOJHIO, HATPif0), SIKi YacTO MaroTh

eMICIifHI CKJIQJIOBI B IMX JIHIAX, IO BKa3ye Ha
HecTaOlIbHI YMOBH B BEpXHiX Mapax atMochepu 30pi.
JocmimuKkyeTbess BMICT PpafiOaKTHBHOTO AaKTHHIIO B
atMocdepax 3ip, sIKi 3HAXOAIATHCS B TaJaKTHKax 3 Pi3HOIO
icropiero ximiunoi epoumromii ([amaktuka (HD101065),
PMMR27 (Manma MaremanoBa Xwmapa), a TaKOX,
MIPUBEJICHI PE3yIBTATH 3TiTHO MOMEPEIHIM JOCITIHKSCHHM
Iuist uepBoHOro Hajgriranta RM_1-667 (Large Magellanic
Clouds) i mms uwepBonoro riranta BL138 (kynboBa
KapiukoBa rajgaktuka Popnakc). B abOcomrorHid mkani
BMICT aKTHHIIO OJM3bKHUil 10 BMICTY ypaHy B aTMocdepax
Jeskux 3ip rano i B atMocdepi Apkrypa.  Ortpumano,
Juis yepBoHMx Haarirantis PMMR27 Ig N(Ac) = -1.7 ta
st RM_1-667 1g N(Ac) = -1.3, it 94epBOHOTO Tiranry
BL138 Ig N(Ac) = -1.6. Bt Hixk Ha 2 TOPSIAKA BMICT
akTuHi0 B atMocdepi 3opi [MTumbmiscskoro (HD101065)
MIEPEBUIIYI0 BMICT B aTMocdepax TOCTIHKYBaHHX 3ip i
nopieuroe Ig N(Ac) = '0.94+0.09 B mkauni Ig N(H)=12.

1. Introduction

Actinium, a radioactive chemical element with atomic
number 89, was discovered by Andre-Louis Debierne
(Debierne, 1899) in 1899 when studying pitchblende resi-
dues (uranium ores). Actinium is one of radioactive ele-
ments with short half-lives. 2’Ac is the longest-lived ac-
tinium isotope, which is a member of the long decay series
starting with 2°U and has a half-life of 21.772(3) years
(Fry & Thoennessen, 2012).

221Ac decays by B-particle emission to 27Th with a
probability of 98.61%. Just a small fraction of 22’Ac decays
by a-particle emission to francium. A series of radioactive
chemical elements called the actinoids (sometimes called
actinides) are named after actinium. These are 15 consecu-
tive chemical elements in the periodic table from actinium
to lawrencium with atomic numbers from 89 to 103, respec-
tively. Two actinoids, namely thorium (Z=90) and uranium
(Z=92), have very long half-lives (T, = 1.4-10% years for

232Th and T, = 4.47 -109 years for 238U); their atmospheric

abundances have been extensively studied in stars assigned
different spectral classes. As reported by Asplund et al.
(2009), the solar photospheric abundance of thorium is log
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N(Th) = 0.02 + 0.10 while meteoritic abundances of thori-
um and uranium are log N(Th) = 0.06 + 0.03 and log N(U)
=-0.54 + 0.03, respectively, on a scale of log N(H) = 12.0.

Thorium abundances in the atmospheres of metal poor
stars vary from -3.1 to +0.5 (Ren et al., 2012). The thori-
um and uranium abundances in the atmosphere of Arctu-
rus are log N(Th) = -0.35 and log N(U) = -1.05, respec-
tively (Gopka et al., 1999). In the halo giant CS 31082-
001 (Hill et al., 2002), the thorium and uranium abun-
dances are log N(Th) = -0.09 and log N(U) = -1.98, re-
spectively. For the bright halo red giant HD22117, log
N(Th) = -1.50 was obtained in the dissertation by V.
Yushchenko by spectrum synthesis technique applied to
the spectral data acquired with 1.93-metre telescope at the
Haute-Provence Observatory. Ivans et al. (2006), by em-
ploying spectra obtained with more powerful telescopes,
reported the thorium abundance log N(Th) = -1.58. The
uranium abundance log N(U) =< -2.02, determined for
HD22117 using spectra obtained with 2-metre telescope at
the Peak Terskol Observatory in the dissertation by V.
Yushchenko (Heavy Elements in the Atmospheres of Pe-
culiar Stars, 2017), is virtually similar to the value re-
ported in the study by Hill et al. (2002).

For quite a long time, the issues related to all the other
actinoids were left unaddressed in spectroscopic surveys
of stars.

2. Actinium as the subject of spectroscopic research

Przybylski's star. Actinium as the subject of spectro-
scopic research garnered attention after 2004 (Gopka et
al., 2004). It was discovered that the observed wave-
lengths of some lines in the spectrum of chemically-
peculiar magnetic Przybylski's Star, which could not be
identified with traditional absorption lines, currently under
investigation, coincided with those of chemical elements
with atomic number Z>83, including absorption lines of
actinium. The findings reported in 2004 were corroborated
in a later study by Gopka et al. (2008) (Figl). The results
of computations of oscillator strengths of neutral and sin-
gly-ionised actinium conducted using a semi-empirical
relativistic Hartree-Fock approach, including core polari-
sation effects, were reported in 2007 (Quinet et al., 2007).
The oscillator strengths calculated for singly-ionised ac-
tinium using a fully relativistic multiconfiguration Dirac-

Table 1. The actinium abundance in the spectrum of
Przybylski's Star.

) Id ent. EqW. Ej, loggf logN

A) mA) (V)

3043300 AcIl 25 1.127 0.19 1.059

3164810 AcII 20 0.653 -0.13 0.809

4168400 AcII 15 0.653 -0.40 0.930

5010850 Acl 24 0.653 -0.60 0.963
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Figure 1: The observed spectrum at wavelength of non-
identified line in the spectrum of chemically-peculiar
magnetic Przybylski's star coincided with wavelength of
chemical elements actinium Aclll 1 4569.879 A (Gopka
et al., 2008).

The red supergiant PMMR27 in the Small Magellanic
Clouds (v=13.2™). Apart from Przybylski's Star, the actin-
ium lines are identified in the spectra of stars that have
already gone through certain stages of their evolution and
belong to galaxies with different history of their enrich-
ment with heavy elements: in the Magellanic Clouds, the
most effective contribution is made by r-process elements
(Gopka et al., 2018a) while in a dwarf spheroidal galaxy,
it is asymptotic giant branch (AGB) medium mass stars
that play an important role by enriching it with s-process
elements (Gopka et al., 2018b).
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Fock (MCDF) method were presented in 2012 (Urer &
Ozdemir, 2012). The foregoing findings laid the ground-
work for quantitative analysis of the actinium abundance

FMMR144

FPMMRE145

Relative flux, r

PMMR219

in stellar atmospheres.

The actinium abundance in the atmosphere of Przybyl-
ski's Star was reported in the dissertation by V. Yush-
chenko (Heavy Elements in the Atmospheres of Peculiar
Stars, 2017). The resulting values are given in Table 1,
which has the following columns: wavelength (}), atomic
number of the chemical element (Z=89), identification of
the chemical element (Ident.), equivalent width of the
identified line (Eq.W.), low-lying energy levels (Eow) and
elemental abundance (log N).

The highest value of the actinium abundance in stellar
atmospheres determined so far is Ig N(Ac) = 0.94+0.09 on
a scale of log N(H) = 12; this value was obtained using a
model of Przybylski's Star with Tess= 6,600 K; log g = 4.0
and Vpmi= 3.5 km-s™.
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Figure2: Portions of spectra of red supergiants in the
Small Magellanic Cloud (PMMR23, PMMR27,
PMMR48, PMMR144, PMMR145 and PMMR219) and
the red giant in the Large Magellanic Cloud, RM 1-667,
in the region of the Ac II line at 6164.75 A. The spectra
shifted a given value with respect to each other.
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The observation of the K-supergiants in the Magellanic
Cloud was carried out by Hill (1997) at the European
Southern Observatory (ESO) at La Silla. The spectral
resolution of the spectra was near 20 000 and 30 000, the
range of wavelengths is 5900-7100 A°. The red supergiant
PMMR23 is located in a region of the Small Magellanic
Cloud (SMC) where velocities of stars and surrounding
gas are far lower than those in other regions of SMC, thus
yileding the profile of the Ha line slightly deformed. A
peak can be seen where the actinium line should be posi-
tioned, but no line is observed. On the contrary, radial
velocities of all the other supergiants, namely PMMR27,
PMMR48, PMMR144, PMMR145 and PMMR219, as
well as those of the surrounding gas, are higher, which is
reflected in the profile of the Ha line in the form of emis-
sion components in the Ha line wings. For those stars as
can be seen in Fig. 2, weak lines can be observed at the
wavelength 6164.75 A.

The red supergiant RM 1-667 (v=13.1") is a member of
the Large Magellanic Cloud (LMC) population; it exhibits
strongly deformed profile of Ho with an emission compo-
nent in the short-wavelength and central portion of the
spectrum, which indicates that some specific high-energy
processes take place in the upper atmosphere of this su-
pergiant (Gopka et al., 2018a). The actinium lines are
identified unambiguously at the wavelength A 6164.75 A
and 25910.85 A, the actinium abundance: log N(Ac) = -
1.3 on a scale of Ig N(H) = 12 (Gopka et al., 2018a).

In this work, two lines of ionized actinium Acll at
wavelengths 15910.85 A and A6164.75A, the strongest
lines in the visible part of the spectrum, are invistigated in
the spectrum of the red supergiant PMMR27. The super-
giant PMMR27 is located in the region of the Small Magel-
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Figure 3: A comparison of the observed profile of the hy-
drogen Ho A 6562.797 A in the spectrum of the red su-
pergiant PMMR27 with observed profile of the hydrogen
Ha in the spectrum of the Sun (Delbouille et al., 1973). The
spectra shifted a given value along the vertical axis with
respect to each other.

lanic Cloud with an increased redial velocity of stars and
increased velocity the surrounding gas around such stars.
Observations from a 3.6 —meter telescope were used (Hill,
1997). As mentiond above, such stars are characterrized
by hydrogen profiles with the presence emission
components (Fig. 3).

Such line profiles are reproduced taking into account
the higher temperature in the higher layers of the atmos-
phere model compared to the lower ones, which allows
us to make assumptions about the course of some high-
energy accretion processes in such atmospheres.

In the study of the actinium abundances in the
atmosphere PMMR27 used a model with parameters Tes =
4,250 K; log g = 0.0 and [Fe/H]=-0.5, Vmi = 3.5 km's?,
Vma= 4.0 km's?, which are not differs significantly from
the accepted parameters of the star’s atmosphere in work
by Hill  (1997).

Equivalent width of the ionised actinium line Ac Il at
wavelength A 5910.85 A is 15 mA, which corresponds
to the actinium abundances log N (Ac)=-1.7 using the
Kuruch program WIDTH-9. Syntetic spectrum was used
to calculate the content using the model with Tess = 4,250
K; log g = 0.0 and [Fe/H]=-0.5, Vmi= 3.5 km's?, Vm.=
4.0 km-st, from the grid of models calculated by Castelli
and Kuruch (Castelli & Kurutz, 2004).Using the program
URAN (Yushchenko, 1997) obtained the best fit with the
smallest deviation log N(Ac/H)=-1.7 +0.5 from the best
approximation +£0.5. The errors of the actinium abundanc-
es determinated for this line are equal to: when the tem-
perature decreases by AT=100 K than Alog N(Ac)=-
0.2dex; with increasing acceleration of gravity by
Alogg=0.2, AlogN(Ac)=-0.03dex; with increasing turbu-
lent velocity by Al km-s? Alog N(Ac)=-0.18dex. The line
is quite sensitive to changes in the content of actinium , as
seen in Figure 4. The percentage contribution of the Acll
line at wavelength ~ 15910.85A, given the maximum
number of line of elements with  known oscillator
strenghs, including weak line lines, more than 80 percent.
According to Quinet et al. (2007), the intensity of the ac-
tinium line at wavelength A6164.75 A is weaker than the
line at the wavelength A5910.85A. Indeed, in the spec-
trum of the red giant PMMR27 we can estimate the upper
limit on tof the actinium content equal to log N (Ac/H) =-
2.0, using the line 16164.75 A.

Synthetic spectrum calculation were performed using
various programs. Figure 5 compares the spectrum of the
red supergiant PMMR 27 with synthetic spectrum calcu-
lated using program SYNTHV (Tsymbal 1996, 2012 ver-
sion) with atomic data from the VALD-3 database
VALD-3 (Ryabchikova et al., 2011) and the array of mo-
lecular lines formed by Tsymbal (1996) (Fig. 5). The
PMMR 27 spectrum obtained with a resolution 20, 000
and an individual model were used (Pavlenko, 1997,
2003). Content calculations for this line A6164.75 A for
spectrum with spectral resolution 20,000 confirmed re-
sult for that with spectral resolution of 30, 000 using the
URAN program (Yushchenko, 1997) and the model with
Terr = 4,250 K; log g = 0.0 and [Fe/H]=-0.5, Vmi = 3.5
km-st, Vm=4.0 kms? from the Castelli and Kurucz
grid model (Castelli & Kurucz, 2004).



Odessa Astronomical Publications, vol. 34 (2021)

[ o990
o930
oa70
5910850 Al
0.810

[ o750

0.690

1ed--

[EF]
NOD
s
NO-#
ND
NO

I R
I o000 00
060 7 3 2z zz

NOD
ND
Hav
ND
N2
a0
NO
NOD =
ND
NO

ND

NO—=
PN
nePo

0.570

5908.500 5010.500 5912.500

Figure 4: A comparison of the observed spectrum of the
red supergiant PMMR27 in the Small Magellanic Cloud
in the region of the ionised actinium line A 5910.85 A with
synthetic spectra, using program URAN (Yushchenko,
1997) for three different abundance values adjusted to the
best fit with the smallest deviation from the best approxi-
mation £0.5: log N(Ac/H) = -1.7 + 0.5). Spectral resolu-
tion of spectrum PMMR27 is 30 000 (Hill, 1997).
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Figure 5: A comparison of the observed spectrum of the
red supergiant PMMR27 in the Small Magellanic Cloud
in the region of the ionised actinium line A 6164.75 A with
synthetic spectrum for three different abundance values
adjusted to the best fit with the smallest deviation from the
best approximation +0.5: log N(Ac/H) = -2.0 = 0.5. Using
the program SYNTHV (Tsymbal, 1996). Spectral resolu-
tion of spectrum is 20 000 (Hill, 1997).

The red giant BL138 from Fornax dwarf spheroidal
galaxy. But equivalent width of the ionised actinium line
at the wavelength X 6164.75 A is not weak in the spectrum
of red giant BL138, which is located in the Fornax dwarf
spheroidal galaxy (Gopka et al., 2018b). Equivalent width
of the ionised actinium line Ac Il at wavelength A 6164.75
A is 14 mA. The actinium abundance in the atmosphere of
the red giant BL138 is close to the above indicated value:
log N (Ac/H) = -1.6 dex (Gopka et al., 2018b).

3. Conclusions

Actinium is the third element of the actinoid series cur-
rently studied in stellar atmospheres. The actinium abun-
dance in the atmospheres of the target stars does not differ
significantly from the uranium abundance in the atmos-
pheres of certain stars in the Milky Way’s halo. Radioac-
tive 227Ac with a half-life of 21.772(3) years observed in

stellar spectra indicates that this chemical element is pro-
duced through a certain synthesis process, which is sus-
tained over time. The presence of actinium in stellar at-
mospheres is an explicit indication of unstable atmospher-
ic physical conditions, which are caused by a number of
factors and do not depend on the chemical evolution of the
galaxy wherein the respective stars are located.

The actinium absorption lines have been identified in
the spectra of several sample stars at different evolution-
ary stages that are located in galaxies with different chem-
ical evolution history.

The actinium absorption lines at the wavelengths
15910.85 A and A6164.75 A have been identified in the
spectra of stars that exhibit anomalous profile of Ha lines
and/or other strong lines of chemical elements, such as
sodium. Note that actinium (**’Ac) with the longest half-
life of 21.772(3) years is produced via radioactive urani-
um decay series that yields the doubly-magic nuclide 2°6Pb
as the end product. As mentioned in a number of studies
(Serminato et al., 2009; Képpeler et al., 2011), “according
to the classical analysis of the s-process, the abundance
distribution in the Solar System is recognised as a combi-
nation of three components: the main component (ac-
counting for s-process isotopes in the range from A~90 to
A<208), the weak component (accounting for s-process
isotopes up to A~90) and the strong component, intro-
duced to reproduce about 50% of doubly-magic 2°Pb”.
Therefore, it is of great importance to examine atmos-
pheres of some stars to determine abundances of such
radioactive chemical elements as actinium, as well as
those of other elements similar to actinium, which may
serve as sources of additional production of 2%¢Pb.
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