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ABSTRACT

Being the backbone element of deoxyribonucleic acid, phosphorus is a key component in the search for life in the Universe.
To aid in its detection, we present line emissivity ratios for the five lowest-lying forbidden [P11] transitions, namely those
among the levels 3s23p? Py, *Py, 3Py, 'D,, and 'Sy). The wavelengths range between 0.44 and 70 um, and several lie within
the spectroscopic domain observable with the JWST. These line ratios have been calculated using a new collisional-radiative-
cascade (CRR) model combining calculated collision strengths and level-specific recombination rate coefficients, with both
data sets computed using the accurate Breit—Pauli R-matrix method. The CRR model includes a new scheme for (e + ion)
recombination to emission-line formation. We compare its effect to models incorporating only electron-impact excitation and
spontaneous radiative decay. We find that (e 4 ion) recombination has a significant impact on all line ratios, and represents a

major improvement in physical accuracy of emission-line models.
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1 INTRODUCTION

Phosphorus could be of key importance in the search for life in
the Universe. As the backbone element of deoxyribonucleic acid
(DNA), it could be a fundamental prerequisite for the formation of
life. It is thus of keen interest to perform theoretical calculations
that can provide a basis of comparison for real observations of
exoplanets. In order to determine whether phosphorus is present in an
observed exoplanet, we must first understand the element’s spectral
signature. To that end, it is necessary to build an accurate model of
as many physical processes that influence the emission spectrum of
phosphorus as possible.

Previous studies on phosphorus abundance have been confined to
ionized sources such as nebulae (Pottasch & Bernard-Salas 2008;
Pottasch, Bernard-Salas & Roelig 2008; Otsuka et al. 2011), and F,
G, K dwarf stars (Maas, Pilachowski & Cescutti 2017).The former
are associated with star-forming regions, and the latter are potential
sources for Earth-like extrasolar planets. Nucleosynthesis leading
to phosphorus (Z = 15) production can occur in asymptotic giant
branch stars, but mainly in supernovae by neutron capture with silicon
(Z=14). Koo et al. (2013) analysed the P/Fe abundance ratio in the
supernova remnant Cassiopeia A using forbidden [P11] 1.189 pum line
and [Fe11] 1.257 pm lines to deduce about 100 times the average ratio
in the Milky Way.Otherwise, phosphorus abundances are generally
low in solar system, 2.6 x 1077 by number relative to hydrogen
(Asplund et al. 2009). Also, its gas-phase abundance is difficult to
determine due to dust and grain formation since phosphorus is very
reactive.

* E-mail: pradhan.1 @osu.edu

Of all biosignature elements H, C, N, O, P, and S, atomic data for
P-ions are the least available, except a limited number of energies
from the National Institute for Standards and Technology, theoretical
photoionization and (e + ion) recombination data (Nahar 2016,
2017), experimental measurements and comparison with theory for
P11 (Herndndez et al. 2015; Nahar et al. 2017a,b), and collision
strengths for P 111 (Naghma, Nahar & Pradhan 2018).With the aim of
more comprehensive analysis of observational data, we compute
the relevant atomic parameters and line intensity ratios for PII
In particular, we study lines that might be detectable with JWST
in the Near-Infrared (NIR) range 0.6-28 pm. Whereas current
nebular observations are quite feasible, detection of atomic—ionic
features of moderately heavy elements from Earth-like exoplanetary
atmospheres may appear unlikely. However, studies of Martian
ionosphere (viz. Haidar, Mahajan & Kallio 2011; Withers, Morgan
& Gurnett 2014), with 2.5 times weaker gravity, 90 times lighter
atmosphere, strong winds and storms up to hundreds of kilometres
above the surface, iron oxides such as Fe,O3;, model C, N, and O,
and molecules such as O, 02+ , CO,, Mg™, etc. with nebular electron
densities of 10*> cm™3, might afford the possibility of phosphorus
detection in solar-type planets.

The primary focus of this work is the description of a major
improvement to modelling emission lines by the inclusion of detailed
and accurate (e + ion) recombination contribution to forbidden lines
from recombination cascades via high-lying levels up to n < 10, and
its application to the modelling of P 11 emission. Generally, we con-
sider collisional-radiative models wherein electron-impact excitation
(EIE) is the primary means of populating low-lying excited levels
that produce forbidden emission lines. In this work, we generalize
the model to a collisional-radiative-cascade (CRR) model in which
(e + ion) recombination followed by myriad radiative pathways
significantly populates upper levels. This additional contribution

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

€202 UoIB\ 80 U0 1s9nB Aq 622150./8F71/1/1.2S/9191LE/|SEAUL/WOo0"dno-olwapese//:sdny Wwoly papeojumoq


mailto:pradhan.1@osu.edu

1p 4
3s13p2 : T
(N
I 1
[
3p, | W : : +3973A — 3
p, Mpad1sl | wpersIA ) 2
iy & [ -
T 8635 A 650885 A

Figure 1. Energy diagram of P1I showing the fine structure levels in the
ground configuration 3s23p?, and a few transitions in the JWST wavelength
range.

yields considerable change in level populations and line emissivities,
demonstrating the importance of utilizing models with (e + ion)
recombination and radiative cascades. The treatment described is
generally applicable to modelling atomic spectra.

2 THEORY AND COMPUTATIONAL METHOD

A theoretical description of key atomic parameters is outlined here
(Pradhan and Nahar 2011).

2.1 Energy levels and Einstein A coefficients

In order to calculate the necessary energy levels and Einstein A
coefficients for spontaneous radiative decays, we have employed the
atomic structure code SUPERSTRUCTURE (Eissner et al. 1974).The
code operates using the Breit—Pauli approximation, and produces
fine structure level energies and associated radiative transition rates.
Fig. 1 presents the Grotrian energy level diagram for the five lowest
fine structure levels of P1I. All levels presented are within the
ground configuration 1s?2s?3s23p?. The energy difference between
the ground state *P, and the highest level 'S is about 0.2 Ryd or
2.72 eV. All levels are of even parity, thus all transitions between them
and discussed in this work are forbidden due to electric quadrupole
E2 and magnetic dipole M1 second-order relativistic interactions.

2.2 Electron-impact excitation

When considering the effects of EIE, there are two quantities
to consider. First, the collision strengths that are related to the
probability and cross-section as function of energy of an incident
electron at a given energy E causing an excitation from a given initial
level i to a final level j. For astrophysical plasma sources, we generally
assume a Maxwellian distribution of electron energies corresponding
to a given electron kinetic temperature 7.. Therefore, for calculating
line emissivity ratios, we compute and employ Maxwellian-averaged
effective collision strength Y'(7¢) at a range of T, characteristic of
the source, and that is related to the rate at which a given transition
is collisionally excited:

T,(T) = /0 () exp(— E /KT d(E /KT,). )

Biosignature line ratios of [Pu] 149

8 : : 18 " :
£7 3P1_’102- 167 3P1_,_1so—
o6 i '
s L2
7 1
84 08"
o3 m—\ 1 06
B2 1 L
3 | 04r
1 el 02
0 0 —
0 02 04 06 08 1 12 0 02 04 06 08 1 12
E (Ryd) E (Ryd)
£25 . . - . 035° . . - -
- 3. 5| o3l 3p L 1g |
fo g 1 o 1 0
%]
§1s o
@ B2y
3 | L
S 1 0.15
(] 0.1
%0'5 | 005t
& .
w o 0
2 3 4 5 6 7 8 2 3 4 5 6 7 8
LogT (K) LogT (K)

Figure 2. Collision strengths versus E (Ryd) (upper panels), and
Maxwellian-averaged effective collision strengths versus log 7 (K) (lower
panels) for 3P-'D, (left) and 3P;-!Sy (right). The collision strengths are
dominated by auto-ionizing resonances in the near-threshold energy region,
whereas the effective collision strengths vary smoothly with temperature but
strongly peaked around 10* K.

Here, Q;(E) is the collision strength for the transition i — j; k
is the Boltzmann constant. Fig. 2 shows a sample of computed
collision strengths and effective collision strengths. As seen, collision
strengths demonstrate extensive resonance structures that make
them highly dependent on electron energy, while effective collision
strengths are slowly varying with 7., also implying that slight errors
in temperature have a less significant impact on any derived result.

Effective collision strengths have been calculated for the 67 lowest-
lying P11 levels. We also compare the computed line ratios from
the present CRR model using previously calculated P11 collision
strengths (Tayal 2004). We have employed level-specific recombina-
tion rate coefficients (Nahar 2017a,b) for 243 levels. For levels not
included in the models, the effective collision strengths are set to
zero. The inclusion of many more levels for (e + ion) recombination
cascades should offset the insignificant loss of accuracy from
omitting the EIE to higher levels.

2.3 Electron—ion recombination

The contribution of recombination is contained in two key parame-
ters, recombination rate coefficients and cascade coefficients. Level-
specific recombination rates refer to electron recombining with an
ion, in this case P11l to form P 1I in an excited state. They are defined
by equation (2), where g; is the statistical weight factor of the final
state of the ion being recombined, g, is the statistical weight of the
initial state of the recombining ion, k is the Boltzmann constant, 7" is
the temperature of the plasma, m is the mass of the electron, c is the
speed of light, € is the energy of the incident electron, and o p(e, j)
is the photoionization cross-section at a given electron energy. The
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Milne relation gives the level-speciﬁc rate coefficient into level j as

8j

8s kT~ 2mwm3c*kT
1.8526 x 10‘@/ (€ + 1)2eT api(e, j)de em’s ™.
8s Jo
(@)

The cascade coefficients Cj; are calculated from Breit-Pauli R-matrix
(BPRM) A-values and used to obtain the fractional contribution j —
i due to (e + ion) recombination into an upper level j to a lower
level i. The Cj; take into account all spontaneous radiative decays via
dipole E1 transitions through intermediate levels k such that i < k <
Jj as follows:

ag(j, T)

/ (I + €)*opie, j)edee

Cji = Z +Zczkz A ©)
l<j i'<

k>i

The A-values are the only necessary quantities for calculating cas-
cade coefficients; Cj are subsets of intermediate cascade coefficients,
and combining these we obtain the total effective recombination
contribution to a given level population.

2.4 Line emissivities and ratios

Combining the results above, we obtain line emissivity ratios from
CRR models. The theoretical line emissivity is the amount of energy
per unit time per unit volume for a given transition. For a given P11
transition j — i, it may be expressed as
X X
47 >k Ni n(P)
Q x n(H) erg cm —3sh 4)
n(H)

N; refers to the population of the upper state. Summation over Ny
refers to the total population of all levels included in the calculation,
and n(P 11)/n(P) is the density ratio relative to phosphorus abundance
P/H. In order to obtain line emissivities from equation (4), one needs
ionization fractions P1I/P in the plasma source at the appropriate
temperature and density, which are generally unknown a priori and
are model dependent. We compute line ratios in a temperature—
density range of exoplanetary ionospheres as

IPIGA;)  NjAjiv
I(PIL ) Ny A Vinn

I([PII); Aj) =

; (&)

for any two transitions j — i and m — n. The ratio in equation (5)
eliminates the number density factors and instead leaves only the
relative population factor, Einstein A-values, and energies of the two
transitions being considered. The key quantities here are relative
populations of upper levels computed by our CRR models.

2.5 Code SPECTRA

These results have been produced by a new version of the code SPEC-
TRA, employed in many past calculations of line ratios. Previously,
the code considered EIE and photoexcitation for populating excited
levels. The updated version accounts for (e + ion) recombination
as described. Moreover, the new code is written in C++ rather than
FORTRAN, which increases its utility, efficiency, and portability.

The computational work was performed in two distinct stages.
First, there was a direct unaltered translation from FORTRAN to C++-.
During this stage, the primary goal was to produce matching results
with identical input data to many significant figures. The second stage
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included the recombination-cascade formalism described herein. As
there are no previous results to compare with, extensive testing was
performed and checked several different ways (including manually)
to ensure accuracy and reliability for modelling emission lines with
recombination contributions in general.

3 RESULTS AND DISCUSSION

The main results presented are the newly calculated collision
strengths, Maxwellian-averaged effective collision strengths, and
line emissivity ratios. The first two have been computed for all
transitions among the first 67 P 11 levels, with a small sample of select
results presented in Table 1, and shown in Fig. 2 for two transitions
3P,—'D; and *P,-'S, at wavelengths 8751 and 4413 A, respectively.
The emissivity ratios are presented in Figs 3 and 4.

3.1 Effective collision strengths

The collision strengths and effective collision strengths for two select
transitions can be seen in Fig. 2. The strong resonant structures in
the former are clearly visible, as is the signature smoothing of the
effective collision strengths.

The temperature dependence of effective collision strengths due
to auto-ionizing resonances is quite pronounced, and is different
from that of (e 4+ ion) recombination. The competition between
the two processes populating upper levels varies with temperature
significantly and leads to very different line emissivity ratios.

3.2 Line emissivity ratios

Line ratios for select transitions among the first five P1I levels can
be seen in Fig. 3. The key features to note are the differences among
the three independent curves in each plot with inclusion of (e + ion)
recombination and without. We find a large increase with (e + ion)
recombination cascades in the CRR model (red curves), and much
lower emissivity ratios without (blue and black curves) using our
newly calculated collision strengths and earlier work by Tayal (2004),
respectively. Although the two sets of collision strengths data yield
practically the same values at low densities N, < 10° cm™3, the
differences increase at higher densities. That is, owing to collisional
coupling among the five levels, which becomes more prominent
and manifested in line ratios. Tayal’s collision strengths are higher
than present ones for excitation of upper levels considered and yield
higher line ratios at N, > 10° cm~3; those would be even higher
if (e 4 ion) recombination is included. This illustrates not only a
significant improvement in accuracy using the CRR model, but also
that (e + ion) recombination using detailed and precise level-specific
recombination rates should be used as the basis of comparison with
observed emission-line spectra.

Fig. 4 includes line ratios for select transitions whose wavelengths
are within JWST spectrographic instrumental range 0.6-28 pm at the
three different temperatures. However, in this case, the upper level
D, is the same for all ratios and therefore line emissivities depend
only on the respective A-values, and to a smaller extent on the energy
differences. The A-values for the three transitions 'D, — 3Py, are
2.177 x 107°,6.744 x 1073, and 1.938 x 1072 s~!, respectively.
Therefore, the proportion of line ratios 0.898 1m/0.890 pm and 0.875
um/0.890 pum due to 'D,—P,/'Sy and 'D,—P,/'Sy—'D> remains
approximately constant 3:1 (modulo the small energy differences).
Again, we find large differences upon inclusion of recombination-
cascade contributions to emission lines owing to upper levels being
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Table 1. Effective Maxwellian-averaged collision strengths for select transitions in P1I.

Ne(em ™) 3p-'D 3p-'D 3p-1D Ip-1s Ne(em ™) 3p-1p 3p-'D 3p-1D Ip-1s
-y 0-2 1-2 2-2 2-0 -r 0-2 1-2 2-2 2-0
Py 8862.6 A 44417A 29167 A 15712 A X 8862.6 A 44417A 29167 A 15712 A
2.0 5.04(—1) 1.40(—1)  2.97(=3)  2.01(—56) 3.6 6.11(—1) 1.693 2,552 291(-2)
2.1 507(=1)  223(=1)  120(=2)  5.29(—45) 3.7 6.19(—1) 1.740 2.683 5.77(=2)
22 5.10(—1)  339(—1)  3.62(=2)  6.23(—36) 3.8 6.27(—1) 1.781 2.798 1.01(—1)
23 5.12(=1)  4.63(=1)  873(=2)  1.00(—28) 3.9 6.34(—1) 1.822 2.902 1.59(—1)
2.4 5.14(—1)  5.94(—1)  176(-1)  5.29(—23) 4.0 6.45(—1) 1.866 3.005 2.32(—1)
25 5.16(—1)  723(=1)  3.06(—=1)  1.86(—18) 4.1 6.57(—1) 1.915 3.113 3.21(=1)
26 517(—1)  847(—1)  477(-1)  7.62(—15) 42 6.72(—1) 1.972 3.228 425(—1)
2.7 520(=1)  9.61(=1)  6.78(=1)  5.64(—12) 43 6.89(—1) 2.031 3.343 5.41(—1)
28 5.23(—1) 1.065 8.99(—1) 1.07(=9) 4.4 7.03(—1) 2.084 3.444 6.65(—1)
2.9 5.28(—1) 1.160 1.129 6.94(—8) 45 7.11(=1) 2.117 3.511 7.89(—1)
3.0 5.36(—1) 1.250 1.362 1.91(—6) 46 7.10(—1) 2.119 3.524 9.00(—1)
3.1 5.47(—1) 1.337 1.593 3.00(—5) 47 6.95(—1) 2.081 3.469 9.91(—1)
32 5.60(—1) 1.421 1.817 2.20(—4) 48 6.66(—1) 2.000 3.340 1.050
33 5.75(—1) 1.501 2.030 1.14(=3) 49 6.25(—1) 1.879 3.143 1.071
34 5.89(—1) 1.574 2226 431(=3) 5.0 5.73(—1) 1.725 2.890 1.054
3.5 6.01(—1) 1.638 2.400 1.24(=2) - - - - -
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Figure 3. [P11] line emissivity ratios as a function of temperature and density
demonstrating the effects of newly calculated collision strengths and the
incorporation of (e 4 ion) recombination cascades. The red curve represents
results including recombination and EIE with present collision strengths. The
black and blue curves are calculated without recombination using present
collision strengths (blue) and those from Tayal (2004, black), respectively.

LogN (cm'3)

Figure 4. Emissivity ratios of [P 11] lines at ionospheric and nebular temper-
atures 500, 1000, and 10000 K lying within and potentially observable by
JWST spectrometers. While the 500 and 1000 K lines appear to be identical,
they differ by a few percentage points at all densities, far less than the
difference from the 10000 K line.
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populated predominantly by (e + ion) recombination rather than
excitation due to electron impact.

As the electron density increases above N, > 10* cm™3, recom-
bination cascades are relatively less important compared to electron
collisions and the two curves are eventually seen to converge at
high densities, though the proportion remains the same as it should
owing to origin of line emissivity from a single upper level. We
note in passing that there are several transitions originating from the
same level 'D, where the line ratios show similar behaviour and
are constant across temperatures and densities since only the upper
level’s population is sensitive to either and present in both numerator
and denominator. As such, line ratios depend only on ratios of A-
values and energy differences, and provide an accuracy check on
input data.

Line emissivities for [P1I] transitions within the ground config-
uration are computed using two sets of collision strengths of data,
computed as part of this work as previously reported in literature
(Tayal 2004). Although the line ratios are in good agreement,
they differ significantly; the new values should be more accurate.
The CRR models can be further improved by the consideration of
fluorescent excitation due to an external source of radiation, namely
the planet’s host star. SPECTRA maintains the ability to account for that
process and can incorporate that mechanism, though it is likely to be
much smaller than electron excitation and (e + ion) recombination-
cascade processes for forbidden-line formation.

4 CONCLUSION

The computed data and results are useful for both tempera-
ture/density diagnostics and possible detection of phosphorus in as-
trophysical sources, particularly exoplanetary ionospheres as biosig-
natures or precursors of DNA-based life forms. Line emissivity ratios
and new collision strengths for P1I are computed for comparison
with observation and diagnostics. The inclusion of (e + ion)
recombination has a large impact on forbidden-line emissivities,
and considerably improves the physical accuracy of models. Many
transitions, with a sample of results presented, occur within the
0.6-28.3 um range of the spectrometers aboard JWST. Given the
sensitivity of JWST these emission lines might be present in the
spectra of exoplanets that have detectable amount of phosphorus.
Future work will involve a more complete CRR modelling of
resultant spectrum with SPECTRA involving emission and absorp-
tion processes. This entails user input of ionization fractions and
abundances to produce individual line emissivities, in addition to
line ratios. Data from this new code can then be combined with
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codes for a full-scale modelling of planetary atmospheres, such as a
new version of the code GEANT4-EXOP code in progress (Rothman,
private communication). These models will include atomic—ionic—
molecular data as input to produce absorption and emission spectra
of other biosignature elements.
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