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ABSTRACT. Influence of magnetorotational instabili-
ties in astrophysical plasma at supernova explosion on
synthesis of chemical elements is investigated. At field
strength less than 10 teratesla nuclear magnetic suscepti-
bility exhibits linear regime with enhanced nuclear bind-
ing energy for open shell nuclei. Effects of ultra-strong
nuclear magnetization are demonstrated to enhance the
portion of titanium product. The relation to an excess of
titanium isotopes revealed from the Integral mission data
and galactic chemical evolution is discussed.
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1. Introduction

Ultrastrong magnetic fields exceeding teratesla (TT)
arise at core-collapse supernova (SN) explosion (Kondra-
tyev 2014), in magnetar crusts and heavy ion collisions.
Nuclides produced in such processes contain an informa-
tion on matter structure and explosion mechanisms. In this
work we analyze effect of relatively weak magnetic field
in nuclear structure and discuss possibilities for using ra-
dionuclides to probe internal regions of respective sites.

Interaction of nucleon magnetic moment my with a
field H leads to a shift of energy levels A =my H. Dra-
matic change in nuclear structure corresponds to condi-
tions of level crossing. The nuclear level spacing
AE ~1MeV gives respective field strength scale

AH o~ AE [l ~10 TT. Here (4 denotes the nuclear

magneton. In a case of smaller strengths H <10 TT one
can use a linear approximation, cf., (Kondratyev &
Korovina, 2015). In next section we demonstrate that
magnetic susceptibility at a field strength of teratesla ex-
ceeds significantly respective ground state g-factor corre-
sponding to vanishing magnetic induction. Effect of mag-
netic field in nuclear composition is considered in sect. 3.
Conclusions are in sect. 4.

2. Structure of magnetized atomic nuclei

The single-particle (sp) Hamiltonian H, for nuclei
within non-relativistic approximation and a linear limit in
a weak magnetic field H reads

H,=H, - (g1 - gu5) ar (1)

for protons o=p and neutrons o=n with well known g-
factors g,. Here H,” represents the sp Hamiltonian for iso-
lated nuclei, 1 and s denote operators of the orbital mo-
mentum and spin. An interaction of nucleon dipole mag-
netic moment with magnetic field is represented by terms

containing the vector @, = i H .

The nuclear binding energy AB=ZOCC e; 1s given as a
sum over occupied levels i of sp eigen energies e¢;. By
making use of angular momentum representation for
spherical nuclei one can write the change of binding en-
ergy in magnetic field as

AB(x =Ky WL, Ko = Zioce Kla
K'o=Zms [<lm, Y5 Sjjmj>|2(ga° m +gyS),

2)

where <Im, °% s|jm> represents the Clebsch-Gordan coef-
ficient.

Thus, values k are significantly different from nuclear g-
factors corresponding to an interaction of nuclear magnetic
moment in a ground state with magnetic field. Within the
shell model nuclear magnetic moment is determined by a
valent unpaired nucleons and associated nuclear g-factor is
given by values of Eq. (2) and determined for states with
maximum spin projection m; of positive and negative signs
for protons and neutrons, see Tables 1.

Table 1. Susceptibility parameter x for iron shell closure
region. Contributions of Z protons and N neutrons are

indicated by k;, and x;, .

Z Kp N Ky
20 0.00 20 0.00
21 5.793 27 1.913
22 9.931 26 3.279
23 12.414 25 4.099
24 13.241 24 4.373
25 12.414 23 4.099
26 9.931 22 3.279
27 5.793 21 1.913
28 0.00 28 0.00

Evidently, such strong nuclear magnetization leads to an
increase of binding energy. As is seen from Egs. (3) and in
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Table 1 open shell nuclei experience maximum of such
extra binding. For protons effect is about 3 times larger as
compared to neutrons. Consequently, composition of stable
nuclei in magnetic field is modified. For instance, for often
considered isobars *Z, e.g., *Sc and **Ti, from Table 1 we
have (kr; - ks. ) = 3.32 and at a field strength H=2.5 TT the
nucleus **Ti is stronger bound than *Sc. It is worthy to re-
call here that **Ti becomes the most tightly bound nucleus
at H=20TT, see (Kondratyev, 2014; Kondratyev &
Korovina, 2015). For a weak field limit we notice similar
results obtained from consideration within the covariant
density functional theory (Pena Arteaga et al., 2011) and
shell correction approach (Kondratyev & Korovina, 2015)
which exclude an interaction of total magnetic moment of a
nucleus with magnetic field.

3. Synthesis of magnetized nuclei

Such a magnetic medication of nuclear structure affects
nuclide production at respective explosion. Nuclear statis-
tical equilibrium (NSE) approach gives useful tool used
very successfully for description and analysis of abun-
dances of iron group and nearby nuclides for over half a
century (Woosley, Heger & Weaver, 2002). At such con-
ditions nuclide yield is determined mainly by the binding
energy of corresponding atomic nuclei. The magnetic ef-
fects in the NSE were considered by Kondratyev (2014, and
refs. therein). Recall that at temperatures (7'< 10°° K) and
field strengths (H > 0.1 TT), the magnetic field depend-
ence of relative output value y = Y(H)/Y(0) is determined
by a change in the binding energy of nuclei in a field H
and can be written in the following form

y=exp{AB/kT} =exp{x o /kT}. 3)
We used here Eq. (2).

We consider examples of iron group and titanium. Such
a choice of double magic and anti-magic nuclei at
vanishing magnetization gives a clear picture of magnetic
effects in the formation of chemical elements and
fundamental conclusions about transmutation and
synthesis of nuclei in ultramagnetized plasma.

It is worthy to recall in this regards there is a significant
excess as compared to model predictions of Ti nuclei
abundance obtained in direct observations of SN rem-
nants (Kondratyev & Korovina, 2015). Furthermore, there
is the difference between Ti abundance revealed from
galactic chemical evolution (GCE) predictions and the Ti
content observations in stars (Kondratyev&Mishenina
2016). Till now, none of the existing GCE codes does not
describe the observational trend of [Ti/Fe] vs. [Fe/H]. This
is primarily due to the difficulties in calculating of the
present theoretical stellar yields from massive supernovas
that are the main source for titanium probably. This means
that improved of the core collapse supernovae nucleosyn-
thesis predictions from realistic models are required.
Among others, this needs a detailed study of the role of
rotation and magnetic fields (Mishenina et al., 2017).

As is seen from Egs. (2), (3) and Table 1 an excess on
order of magnitude corresponds to field strength of several
TT. As is evident from Egs. (2) maximum of magnetic
susceptibility x corresponds to half filled shells. In case of
iron closure 1f;, shell such a condition is met at Z=N=24.
Then significant value of parameter xc, = 17.33 implies
strong magnetic enhancement in production of **Cr nu-
clde. The radioactive decay chain *Cr=> *V-> *Ti gives
rise to an excess of major titanium isotope.

4. Conclusion

We employ arguments of nuclear statistical equilibrium
to study nucleosynthesis at magnetorotational supernova
explosion. As is shown binding energy of nuclei with
open shells increases at relatively weak fields correspond-
ing to linear nuclear magnetic response Such a property
suggests possible mechanism of additional titanium en-
richment when taking into account the increased yield of
anti-magic nuclides in ultramagnetized astrophysical
plasma. As is seen on an example of the radioactive
isotope “Ti the direct observational data, see sect. 1,
confirm such an enrichment which can be understood in
terms of magnetic effects. The resulting enrichments of
M44 isobars are collaborated with observational data
(Kondratyev, 2014;  Magkotsios, 2010). The proton
magnetic reactivity dominates in a change of binding
energy, see Eq. (2). Noticeable increase in production of
®Cr leads to increasing volume of stable titanium iso-
topes, as well. At the same time a yield of iron and
calcium isotopes can be expected unchanged because of
the proton shell closure, see Eqs. (2), (3) and Table 1.
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