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Mn: ITS ABUNDANCE AND IMPORTANCE DAILY AND

ASTROPHYSICALLY

e Manganese (Mn, Z=25) is known to us as vitamin and use in steels,
industries.

e Elements are created by Stars, Supernova Explosions, Neutron Star
Mergers, and through processes of i) nuclear fusion and ii) neutron
captures. Mn is formed mainly through white dwarf supernova explo-
sion and is poorly abundant,
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e Mn is important astrophysically, particularly ratio: Mn/Fe - Cosmic
Clock: Its changing abundance relative to iron allows researchers to
gauge a galaxy’s age and evolutionary phase.

- poor Mn/Fe ratio - Ancient galaxy or star

- rich Mn/Fe ratio - newer galaxy or star, e.g, the Sun



Mn ABUNDANCE & ASTROPHYSICAL IMPORTANCE

e A supernova explosion can happen through i) nucleosynthesis of Core
Collapse at the end of a star’s life (Supernova II, e.g. Cassipopeia A,
left fig), ii) thermonuclear reaction in a white dwarf binary system after
the star has accumulated heavily matter from the companion (middle
Fig) and explode (Supernova Ia, e.g. Tycho Brahe. It was concluded
from Mn abundance in Tycho Brahe atmosphere) ).

e Both SN produces Fe and Mn. But SN II produces Mn poorly, but
richly by SN 1a. Fe abundance is a stable number since SN II happens
more frequently (in Million years), but Mn abundance increases with
SN 1la (in giga years). Hence abundance ratio Mn/Fe for a galaxy
provides age and chemical evolution history - both are very important
quantity.

e How do we detect Mn in a Supernova explosion - through SPEC-
TROSCOPY OF LINES emitted by the ion



Project: PREDICT Mn DIAGNOSTIC LINES DETECTABLE BY
JWST, and HENCE HELP ANALYZE GALACTIC CHEMICAL
EVOLUTION

”Emissivity line ratios for [Mn iii] and spectral diagnostics of H ii re-
gions”, Samak, Nahar, Pradhan MNRASL (2026)

- Received media attention after publication of Mn III diagnostic lines

New chemical clues shine a light on galactic evolution

The Ohio State University —  August 31 , 2026

e The interest grow because of the possibility of detection by JWST.
- Photons from very large distance are stretched (z redshift- a measure
of the past) with time due to accelerated expansion of the universe as

)\obs — (Z + 1>)\07“g

Hence even shorter wavelengths, like ultraviolet, optical can stretch to infra-red
photons that JWST can catch and analyze.
e Underlying science is the spectroscopy of lines emitted by Mn -the presentation

objective



SPECTRAL LINE FORMATION: "PHOTO-EXCITATION”

Photo-Excitation & De-excitation:

X2 L hy = X2

e Most common method for infinite number of spectral line formation
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e Physical atomic quantities describing the process
By - Photo-excitation, Oscillator Strength (f)
As1- Spontaneous Decay, - Radiative Decay Rate (A-value)
The transition probability is given by Pj ~ | < j|H'|[i > |* ~ | < j|A.p|i > |?
2
Py = 2m o 2! <J!—e pel“’[i > [p(vy). (1)
e Strength of a line depends on the type of transitions, allowed for strong lines and

forbidden for weaker lines



ELECTRON-IMPACT EXCITATION (EIE)

Most common process in cold, thin plasma, e.g., planetary
nebulae, ISM, - mostly diagnostic forbidden lines

e+ X2 Lo X2l o 1 X2 4 hy

e Light is emitted as the excitation decays

e Scattered electron shows features with energy & can
have autoionizing resonances

e Atomic quantity: i) Collision Strength (£2)

ii) Effective collision strength Y (T)

iii) Excitation rate coefficient q;;(T)

Line ratio: I;/I;x depends on ratio of qj;/qjx, and hence
used for determination of plasma diagnostics, p and T
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e Mn III Energies: We carried out relativistic Breit-Pauli atomic structure calcu-
lations for photo-excitation of Mn III. Used program SUPERSTRUCTURE (SS)
(Eissner et 1974, Nahar et al. 2003). We obtained an optimization set of configu-
rations of Mn III, 3d°, 3d*4s, 3d*4p, 3d*4d, 3d*4f, 3d*5s, 3d*5p, 3d*5d, 3d*5d with closed
orbitals 1s%, 252, 2p°, 3s5?, and 3p° for the transitions. Calculated energies are compared
with those at NIST table.
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SIMULATED SPECTRUM OF Mn III
e Total transitions (allowed + forbidden) = 958,499.
e Strong transitions are in the UV (1500 - 5500 A) and in the infra-

red (14000 A) regions. Some lines with higher z are expected to be
detected by JWST (0.6 - 28.5 um)
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Lines from Rydberg Series of Autoionizing States
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e Rydberg series of autoionizing states (LS).v1 lie above the ionization
threshold & below an excited core state (LS).
e Energy of the state is given by the Rydberg formula

E*(X*v]) = ERes = E. — 22/1°

E. = E*(X") = an excited threshold of the residual ion X*

e v—effective quantum number, Av ~ 1 for each series

e Resonances can appear as lines in the spectra. However, they are
typically weaker than bound-bound lines, often are dissolved by the
high p and T of the plasma, and enhance the spectrum background.



Close-Coupling (CC) Wave Function & R-matrix Method

e CC approximation generates resonances naturally
e CC Wave Function expansion includes excited states of the residual
ion which generate resonant states:

Pg(e +ion) = AZXIIOII +ZCJ i(e +ion)

xi — Core ion wavefunction, ¢, — correlation functions ¢, — interact-
ing electron wavefunction (continuum or bound)

e Substitution of ¥g(e + ion) in Schrodinger equation results in a set
of coupled equations which are solved using the R-matrix method

HW¥g = EVg

The Breit-Pauli Hamiltonian is

HN+1 — HNR + Hmass + HDar + HSO+
N
2 Z [gij(s0 + 50") + gij(ss’) + gij(css’) + gy;(d) + gij(00')). (2)
i7]
e E < 0 — Bound (e+ion) states U

e E > 0 — Continuum states VU
e UVp & U are used for parameters of the atomic processes



R-MATRIX CODES (for Close Coupling approximation)
e Large-Scale Atomic Calculations at OSC
e Various Computational Stages

e R-matrix calculations e Results - 1) Energy Levels, 2) Oscillator Strengths, 3) Photoionization Cross
sections, 4) Recombination Rate Coefficients, 5) Collision Strengths; - Astrophysical Models
THE R MATRIX CODES AT OSU
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| |
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ELECTRON IMPACT EXCITATION (EIE)

e EIE Scattering matrix Sg;.(7,j) is obtained from the wave function
phase shift. The EIE collision strength is

Q(S;L; — S;L;) Z > (28 + 1)(2L + 1)[Ssp(SiLil; — SiLly) [
SL7r 11

(2 is a dimensionless quantity, introduced by Seaton. It does not di-
verge like the cross section, ogg at origin,

OEIE — 7T/<gik2>ﬂa<2)>

e The quantity used in models is effective collision strength Y(T), the
Maxwellian averaged collision strength:

Y(T) = /OOO Qji(e5)e 5T d(/kT)

e The excitation rate coefficient q;;(T) is given by

8.63 x 10°°
ql.](T> g1T1/2

Eij — Ej — Ei in Ry, T in K,(]_/kT — 157885/T)

Eij/kTT(T) CmSS—l



) EIE SPECTRUM OF Mn III (in preparation)
Collison strength: e+ Mn Il -> € + Mn I’ (Lowest 3 excitation)
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EIE: EFFECTIVE COLLISION STRENGTHS OF Mn III
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ASTROPHYSICAL APPLICATIONS: Elemental Abundances,

Plasma Diagnostics
i) DETERMINATION OF ELEMENTAL ABUNDANCES

From the intensity of a line

hv
Iba<X+a )\ba) — Enenionqba

population of a level b can be written as
N<b) = NNjonba
Abundance of element X w.r.t. H, n(X)/n(H), can be obtained from

LX) = - A X s e i | (0

47" Y Nj(XF) n(X)
Ay, = radiative decay rate, Zj N; = total populations of all excited

levels, N(b)/ > N;(X ") = population fraction, nrf()%) - ionization fraction

(from photoionization model)
ii) PLASMA DIAGNOSTICS
e The ratio of intensities (emissivity ratio), of two different lines

arising from the same level can be used for T & p diagnostics.

Li(Aji) _ vilien Qi
In(A) 70 jon Qix
The density or T are varied for the line ratios to carry out the diag-

noctice of nlacr a




"FOUR DIAGNOSTIC LINE RATIOS FOR JWST” (MNRASL 2026)

RESULTS

Four New Diagnostic Line Ratios
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e ONLINE DATABASE: NORAD-Atomic-Data - 5 types of data

@ 786 NORADAtomicData "NORAD-A' X = +

« @ O 8 nttps;norad.astronomy.osu.edu W B

THE OHIO STATE UNIVERSITY DEPARTMENT OF ASTRONOMY

I -

"NORAD-Atomic-Data (NORAD: Nahar-OSU-Radiative-Atomic-Data)"

Sultana N. Nahar

THE OHI0 STATE UNIVERSITY

L =
"—i"

Accuracy & Benchmarking Atomic Radiative Data 1 (Z upto 28) Atomic Radiative Data 2 (2 > 28) EIE Collision Data 3

—9
Measured Lines & Energies Data Measured Photoionization Data 6 Program Codes PUBLICATIONS, NEWS

. . ||"""'--'|""‘|'|'|"'- - NORAD-Atomic-Data Access metric charts

Introduction:
o Brief Description of NORAD-Atomic-Data database:

® The on-line NORAD-Atomic-Data based at the Ohio State University contains large amount calculated atomic data relevant to various radiative and collisional atomic processes, such as, excitation of energies, photoionization, electron-ion
recombination, radiative transitions, lifetimes, etc relevant to astrophysical and laboratory plasmas, They are obtained mainly from large scale R-MATRIX calculations and some from atomic structure program SUPERSTRUCTURE carried

at the Ohio Supercomputer Center (OSC) by Nahar et al

®  Atomic Data files contents:

« i) Energies,

- ii) Oscillator Strengths, transition probabilities for allowed and forbidden transitions,
- iii) Photoionization cross sections,

- iv) Electron-Ion Recombination cross sections and rate coefficients,

- v) Lifetimes,

Following additional data are in process to be added



Number of downloads
(Number of unique requesting hosts atop each bar)

e NORAD-Atomic-Data was created in 2007. Most users: Astronomers. Physicists,
Engineers, Chemists, atmospheric modelers etc.
e The amount of accessible is expected to considerably

e Following figure shows the metric of monthly usage: July 2026, total data down-
loads= 782,818 (Dec 2023 - Aug 2026)

NORAD downloads in Jul 2026
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CONCLUSIONS

e Study of Mn II spectra formation and line ratio are presented

e The study focuses on the underlying science of atomic processes
forming lines, their features and impacts

e All published data are available at the Ohio State University

database:
NORAD-Atomic-Data (https://norad.astronomy.osu.edu)



