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A B S T R A C T 

A binary neutron star merger produces a rapidly evolving transient known as a kilonova (KN), which peaks a few days after 
merger. Modelling of KNe has often been approached assuming local thermodynamic equilibrium (LTE) conditions in the ejecta. 
We present the first analysis of non-local thermodynamic equilibrium (NLTE) level populations, using the spectral synthesis code 
SUMO , and compare these to LTE values. We investigate the importance of the radiation field by conducting NLTE excitation 

calculations with and without radiative transfer. Level populations, in particular higher lying ones, start to sho w de viations from 

LTE several days after merger. Excitation is lower in NLTE for the majority of ions and states, and this tends to give lower 
expansion opacities. While the difference is small for the first few days, it grows to factors 2–10 after this. Our results are 
important both for demonstrating validity of LTE expansion opacities for an initial phase (less than a week), while highlighting 

the need for NLTE modelling during later phases. Considering also NLTE ionization, our results indicate that NLTE can give 
both higher or lower opacities, depending on composition and wavelength, sometimes by orders of magnitudes. 

K ey words: radiati ve transfer – transients: neutron star mergers. 
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 I N T RO D U C T I O N  

erging neutron stars are an ideal site for r-process nucleosyn-
hesis, with radioactive decay of unstable isotopes powering a
upernova (SN) like transient known as a kilonova (KN) (Symbal-
sty & Schramm 1982 ; Eichler et al. 1989 ; Li & Paczy ́nski 1998 ;
reiburghaus, Rosswog & Thielemann 1999 ; Rosswog et al. 1999 ;
etzger et al. 2010 ). There has been much work on predicting

jecta properties such as mass, velocity, and composition using
ydrodynamic merger simulations and nuclear network calculations
e.g. Rosswog et al. 1999 ; Mart ́ınez-Pinedo et al. 2007 ; Metzger
t al. 2010 ; Wanajo et al. 2014 ; Rosswog et al. 2018 ; Nedora et al.
021 ; Zhu et al. 2021 ). The observation of the first KN AT2017gfo
rovided the first chance to empirically determine these quantities
e.g. Arcavi et al. 2017 ; Coulter et al. 2017 ; Cowperthwaite et al.
017 ; Drout et al. 2017 ; Kasen et al. 2017 ; Smartt et al. 2017 ; Tanvir
t al. 2017 ). 

Light curve (LC) models for AT2017gfo make use of local ther-
odynamic equilibrium (LTE) expansion opacities (e.g. Barnes &
asen 2013 ; Tanaka & Hotokezaka 2013 ; Kasen et al. 2017 ; Tanvir

t al. 2017 ; Hotokezaka & Nakar 2020 ). Uncertainties from both the
tomic data used for opacity calculations, and the validity of LTE
tself, propagate to uncertainties in the ejecta mass and composition,
nd are therefore important to address and understand. While
xperimental atomic data for r-process elements remain sparse, much
ork has recently been conducted on the theoretical side (e.g. Kasen,
adnell & Barnes 2013 ; Tanaka & Hotokezaka 2013 ; Gaigalas et al.
019 ; Gamrath, Palmeri & Quinet 2019 ; Banerjee et al. 2020 ; Fontes
t al. 2020 ; Rad ̌zi ̄ut ̇e et al. 2020 ; Tanaka et al. 2020 ; Carvajal
 E-mail: quentin.pognan@astro.su.se 
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alle go, P almeri & Quinet 2021 ; Rynkun et al. 2022 ). As such,
here are now LTE expansion opacities available for all r-process
lements. Ho we ver, the LTE assumption remains to be thoroughly
nvestigated. Due to the relati vely lo w ejecta densities in the KN,
temming from low ejecta masses and high ejecta velocities, the
jecta will rapidly transition into a regime where electron densities
re below the critical densities needed to maintain detailed collisional 
alance. 

It has been argued on qualitative grounds that the radiation field
ay be able to push populations close to LTE even when collisions

annot (Pinto & Eastman 2000 ; Kasen et al. 2017 ). Whether this
ccurs has, ho we ver, ne v er been inv estigated, and defines one of
he goals of this study . More broadly , we aim to determine under
hat conditions the LTE assumption is valid, and to gauge when the

jecta transitions into a regime requiring non-local thermodynamic
quilibrium (NLTE) calculations. 

Thus far, NLTE studies of KN ejecta are limited to neodymium
Nd, Z = 60) (Hotokezaka et al. 2021 ), while Pognan, Jerkstrand &
rumer ( 2022 ) have applied an NLTE approach to a set of models

ontaining Te ( Z = 52), Ce ( Z = 58), Pt ( Z = 78), and Th ( Z = 90).
odelling emergent LCs and spectra with NLTE requires the calcula-

ion of temperature, ionization, and excitation structure, as well as the
adiation field, all self-consistently, and represents significant effort
oth in terms of physical complexity and computational power. It is
herefore important to determine from which point in the evolution of
he KN it becomes necessary to employ this more complex approach.

Quantities derived from excitation structure, such as expansion
pacities used in LC modelling, may be affected by the deviation of
evel populations from LTE values. Should LTE expansion opacities
e significantly different from full NLTE values, it may be worth
ttempting to update LTE expansion opacity libraries to include
LTE opacities. While replacing these with full NLTE ones is highly
© The Author(s) 2022. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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omplicated, an approach using a simplified NLTE methodology may 
till be rele v ant. F or e xample, if one ignores the radiation field and
on-thermal excitations, the opacity formally depends on just one 
ore parameter, the electron density n e , than the LTE one. Therefore,

t is of interest to investigate how such simplified NLTE quantities 
elate to the full NLTE ones. This defines an additional goal of the
tudy, tied to the goal of investigating the importance of the radiation
eld in setting the level populations. 
In Pognan et al. ( 2022 ), we presented a grid of simple KN models,

nd focused the analysis on the significance of time-dependent terms 
n the energy and ionization structure equations. We now analyse 
arts of this model grid with respect to the NLTE excitation and
onization structure. We define three main goals with this work: (1) To 
stablish the size and significance of LTE deviations in excitation and 
onization at different epochs. (2) To assess the role of the radiation
eld has in maintaining LTE excitation structure for longer than 
ollisions allow for. (3) To assess the accuracy of LTE expansion 
pacities, widely used so far for virtually all KN modelling. These 
oals are determined with the purpose of aiding in understanding how 

ccurately LTE models infer properties of AT2017gfo, from ejecta 
ass estimates, to the interpretation of the two ejecta component 
odel based on spectral energy distribution (SED) changes (see e.g. 
asen et al. 2017 ; Tanvir et al. 2017 ; Villar et al. 2017 ). This will also
rovide information on which methods to use for future modelling 
fforts of KNe. 

The models used here were calculated using the NLTE spectral 
ynthesis code SUMO (Jerkstrand, Fransson & Kozma 2011 ; Jerk- 
trand et al. 2012 ) adapted for KNe. We investigate conditions at
, 5, 10, and 20 d after the merger, corresponding roughly to the
arliest onset of NLTE effects, until when the NLTE regime should 
nambiguously be applied. We briefly co v er the ke y parts of the
odels in Section 2 , and go on to present our findings in Sections 3

nd 4 . We then discuss the implications for LC and SED modelling in
ection 5 . Finally, we summarize our findings and the implications 
or current and future KN modelling in Section 6 . 

 E J E C TA  M O D E L S  A N D  EXPANSION  O PAC I T Y  

he models used in this study are a subset of the models calculated
y Pognan et al. ( 2022 ), with the parameters and physics described
herein. Our standard model has constant density ejecta with pa- 
ameters M ej = 0.05 M � and maximum e xpansion v elocity v ej =
.1c. These values correspond roughly to the estimates made for 
he observed KN AT2017gfo (e.g. Abbott et al. 2017 ; Kasen et al.
017 ; Smartt et al. 2017 ; Metzger 2019 ). We also consider a low
ensity ejecta model with M ej = 0.01 M � and v ej = 0.2c, which is
xpected to fall out of LTE conditions earlier, and may be closer to
he parameters for a dynamic, lanthanide rich ejecta. 

The elements in the ejecta are Te ( Z = 52), Ce ( Z = 58), Pt ( Z = 78),
nd Th (Z = 90) scaled to their relative r-process solar abundances
solar abundances multiplied by estimated fraction made by the r- 
rocess), such that their their mass fractions here 0.65, 0.08, 0.25, 
nd 0.02, respectively (Sneden, Cowan & Gallino 2008 ; Lodders, 
alme & Gail 2009 ; Pritychenko 2019 ; Prantzos et al. 2020 ; Nedora
t al. 2021 ). We note that this remains an approximate scaling, as
he relative contributions of s-process versus r-process for a given 
sotope varies between works. This composition implies a relatively 
ow electron fraction ( Y e � 0.2) ejecta due to the presence of 2nd
nd 3rd r-process peak elements (Te and Pt), as well as a lanthanide
Ce) and an actinide (Th) (Rosswog et al. 2018 ; Nedora et al. 2021 ;
hu et al. 2021 ). Since we evolve our models only up to 20 d after
erger, a steady-state approach is sufficient (Pognan et al. 2022 ). 
The temperature, ionization, and excitation structures in SUMO 

re calculated self-consistently and coupled to the radiation field by 
adiative transfer. The level populations are calculated considering 
nternal transitions, recombinations into and out of excited states, 
nd ionization from excited states. Ionization into excited states 
s currently not implemented in SUMO , and so all ionizations are
llocated to the ground state. Internal collisional processes include 
hermal collisions, the treatment of which is described in Pognan et al. 
 2022 ). Non-thermal collisional excitation and thermal collisional 
onization are not yet included for r-process elements. Ho we ver, 
either are expected to be particularly important – the relatively high 
onization state of KN ejecta means thermal collisional processes 
ominate non-thermal ones (Kozma & Fransson 1992 ), and the 
elati vely lo w densities combined with moderate temperatures make 
ollisional ionization inefficient (further discussed in Section 2.1 ). 

Since a focus of this study is the effect of the radiation field on the
xcitation structure, it is useful to explicitly write out the radiative
nternal transitions considered by SUMO , where the upper level is
enoted as u , and lower level by l : 

R 

spont 
u,l = A u,l β

S 
u,l (1) 

R 

abs 
l,u = From MC − sim . (2) 

R 

stim 

u,l = 

g l 
g u 

R 

abs 
l,u (3) 

hese transition rates correspond to spontaneous emission, radiative 
bsorption, and stimulated emission, respectively. In the above, A u , l 

s the Einstein A-coefficient for the transition, g u and g l are the
tatistical weights of the upper and lower lev els, respectiv ely, and
S 
u,l is the Sobolev escape probability, given by 

S 
u,l = 

1 − e 
−τS 

u,l 

τ S 
u,l 

(4) 

here τ S 
u,l is the Sobolev optical depth: 

S 
u,l = 

πe 2 

m e c 
f u,l n l 

(
1 − n u g l 

n l g u 

)
tλ0 (5) 

ere f u , l is the oscillator strength of the transition, n l , n u are the
ower and upper level number densities, with associated statistical 
eights g l and g u , respectively, λ0 is the line centre rest wavelength,

nd t is the time after merger. The term in brackets accounts for
timulated emission. The radiative absorption rate (equation 2 ) is 
ormally the product of the Einstein B-coefficient, the radiation field 
n the blue wing of the line J b ν , and the Sobolev escape probability.
n practice, these rates in SUMO are obtained by accumulators in the

onte Carlo simulation. Stimulated emission is related simply to 
adiative absorption by the levels’ statistical weights. 

Though not employed by SUMO , which treats radiative transfer line
y line, many LTE codes make use of expansion opacities in order
o predict the LC and SED evolution. As such, it is interesting to test
f and how expansion opacity is affected by differences in excitation
tructure. The bound–bound expansion opacity is calculated from the 
obolev optical depths in a wavelength bin �λ as (Karp et al. 1977 ;
astman & Pinto 1993 ; Kasen, Thomas & Nugent 2006 ; Kasen et al.
013 ): 

exp ( λ) = 

1 

ctρ

∑ 

i 

λi 

�λ

(
1 − e −τS 

i 

)
, (6) 

here the sum is conducted o v er all lines within the wavelength bin
λ. The sum in equation ( 6 ) is somewhat dependent on the size of

he wavelength bin, i.e. the ratio �λ/ λi , which we choose following
MNRAS 513, 5174–5197 (2022) 
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Table 1. Model types and properties. NLTE ionization and excitation refer 
to the solutions yielded from the full SUMO simulations. The limited NLTE 

model calculates excitation structure in a post-processing step and excludes 
(dif fuse) radiati ve field terms. Boltzmann and Saha equations are LTE 

e xcitation and ionization, respectiv ely. In ev ery model, the temperature is 
taken from the full NLTE solution. 

Name Ionization structure Excitation structure 

Full NLTE NLTE NLTE 

Limited NLTE NLTE NLTE without radiative terms 
Limited LTE NLTE Boltzmann 
Full LTE Saha Boltzmann 

s
0  

t  

l
1  

v  

s  

b  

1  

t  

o  

w  

c
 

i  

w  

i  

a  

t  

t  

e  

t  

i  

o  

d
 

t  

m  

s  

b  

t  

n  

o  

q  

d
 

l  

o  

t  

L  

t  

a  

a  

c  

t
 

t  

l  

t  

e  

r  

p  

o  

T  

p  

N
 

t  

t  

t  

e

2

T  

o
6  

v  

t

2

M  

c  

d  

c  

t  

e

n

n

W  

e  

v  

v  

m  

t  

m
�  

t  

t  

d  

t  

A  

p
 

a  

r  

o  

t  

e  

1  

o  

h  

l  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5174/6582227 by U
ppsala U

niversitetsbibliotek user on 13 June 2022
everal considerations. First, the maximum ejecta velocity, v ej / c ∼
.1 in this model, sets a maximum scale, as photons cannot propagate
hrough a Doppler shift larger than the ejecta expansion span. A lower
imit is set by the thermal broadening, which for a temperature of T ∼
0 4 K (our highest value), and a mean atomic weight of A ∼ 140 yields
 th / c ∼ 10 −6 . Since expansion opacity aims to capture the effect of
everal well-separated lines, counting � 10 lines in the wavelength
in, each separated by � 10 thermal widths, yields a lower limit of
0 −4 . We thus test ratios in the range of �λ/ λi ∼ 10 −4 –10 −2 , finding
hat higher resolution does not qualitatively change the shape of the
pacity curves, but simply makes them noisier. As such, we choose
avelength binning �λ/ λi = 0.01. This value is consistent with the

hoice in other studies (Kasen et al. 2013 ; Tanaka et al. 2020 ). 
The nature of equation ( 6 ) means that the expansion opacity is

nsensitive to how optically thick a line is past τ s � 1. In the limit
here all lines from an ion are optically thick, the expansion opacity

s therefore independent of the abundance of the ion. This means that
n ion with a low relative abundance can still contribute significantly
o the opacity. In the other limit where the lines are optically thin,
here is a linear dependence on ion abundance. A limitation to the
xpansion opacity formalism is that o v erlap between lines is not
aken into account. For optically thin lines, the error caused by this
s expected to be minor, but for optically thick lines, the expansion
pacity formalism likely gives overestimates due to the behaviour
iscussed abo v e (see Kasen et al. 2013 , for a further discussion). 
The radiative transfer calculations in SUMO are conducted using

he steady-state assumption, also known as the stationarity approxi-
ation. Formally, this is only valid when the photon transport time is

hort compared to the evolutionary time, which may not necessarily
e the case at early times for models with high opacity. The effect of
his on temperature and ionization solutions is likely not severe, as
on-thermal processes are expected to dominate the determination
f these quantities. In general, steady-state radiative transport gives
uite accurate spectra (but not flux levels) also during the early
iffusion phase (Kasen et al. 2006 ). 
We designate four models in this study: full NLTE, limited NLTE,

imited LTE, and full LTE, presented in Table 1 . The first three models
nly vary by the method used to calculate excitation structure, while
he final model (‘full LTE’) is designed to test the effects of using
TE ionization. All solutions are calculated with the temperature of
he full NLTE model at the given epoch. This temperature is 3820 K
t 3 d, decreasing to 3420 K at 5 d, but then increasing to 4460 K
t 10 d, and 9240 K at 20 d. An initial decrease is expected for gas
lose to LTE, whereas NLTE effects are associated with a rising
emperature (Hotokezaka et al. 2021 ; Pognan et al. 2022 ). 

We begin by comparing the excitation structure determined in
he full NLTE model to that of the limited LTE solution, i.e. the
evel populations are from the Boltzmann equation and scaled by
NRAS 513, 5174–5197 (2022) 
he respective ion’s abundance in the model. We also consider the
xcitation structure from the limited NLTE model which omits the
adiation field, i.e. R 

abs = R 

stim = 0 in equations ( 2 ) and ( 3 ) abo v e, and
hotoionization terms are also set to zero. Corresponding expansion
pacities are then calculated and compared for each of these models.
hus, the differences in this first comparison lie solely with the level
opulation calculation; all other quantities are taken from the full
LTE solution. 
In the ‘full LTE’ model, the ionization and excitation come from

he Saha and Boltzmann equations. The expansion opacity from
his model is compared to that of the full NLTE model in order
o investigate the impact of NLTE ionization in addition to NLTE
xcitation. 

.1 Analytic estimates of LTE deviation 

he LTE approximation is expected to break do wn relati vely early
n after the initial merger due to rapidly decreasing densities, n ∼
 × 10 9 t −3 

d M 0 . 05 v 
−3 
0 . 1 c cm 

−3 , where M 0.05 = M ej /0.05 M � and v 0.1 c =
 ej /0.1 c. It is useful to make some analytic estimates as to when the
ransition to NLTE is expected. 

.1.1 L TE e xcitation structure 

aintaining LTE level populations by collisions requires thermal
ollisions to dominate spontaneous radiative decays. A ’critical
ensity’ may be defined, below which detailed collisional balance
annot be maintained. The critical density will depend on the
ransition, notably whether it is optically thin or thick. From the
quations in Jerkstrand ( 2017 ) we derive: 

 

crit 
e ∼ 5 × 10 8 

(
λ

5000 Å

)3 
t −2 
d M 

−1 
0 . 05 v 

3 
0 . 1 c cm 

−3 ; τ S � 1 (7) 

 

crit 
e ∼ 10 7 A cm 

−3 ; τ S � 1 (8) 

hile the critical density for an optically thick line depends on
jecta density and transition wa velength, b ut not the Einstein A-
alue, the optically thin critical density solely depends on the A-
alue for that transition. Considering our ejecta model at 3 d after
erger, the earliest epoch and thus the highest density regime in

his study, we have n ∼ 10 8 cm 

−3 , which means that levels whose
ain radiativ e de-e xcitation channels are optically thick, with λ
 4000 Å, may have their level populations in collisional LTE,

hough lines emitting at longer wavelengths may not. Similarly,
he condition of level populations for the optically thin lines will
epend on the specific transition’s Einstein A-coef ficient. A le vel
hat has an allowed radiative transition as a deexcitation channel, i.e.
 � 10 5 s −1 , will most likely not be able to maintain an LTE level
opulation by thermal collisional processes alone. 
A breakdown of LTE for high-lying states can be expected

s collisional deexcitation struggles to compete against allowed
adiative transitions. Some of these allowed transitions will be to
ther high-lying, sparsely populated states, and will be optically
hin, implying critical densities of n crit 

e � 10 12 cm 

−3 according to
quation ( 8 ). As this is already higher than the model density at
 d after merger, we expect such high-lying states to already be
ut of LTE conditions at our first epoch of 3 d. It is possible,
o we ver, that a strong enough thermal radiation field may push these
evel populations towards LTE, which is one of the main questions
nvestigated in this study. We will return to this in Section 3.2 . 
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.1.2 LTE ionization balance 

 quantitative assessment of the validity of the Saha equation can be
auged by comparing non-thermal ionization rates to an estimation 
f the thermal collisional ionization rates. The treatment of ionization 
nd recombination in SUMO for KNe is presented in detail in Pog-
an et al. ( 2022 ). Non-thermal collisional cross-sections estimated 
ollowing the formalism in Lotz ( 1967 ). The non-thermal collisional 
ate for an ion is calculated as 

 nt ( t) = 10 10 t −1 . 3 
d f ( t) SF ion ( t) 

A m p 

χ
s −1 , (9) 

here f ( t ) is the radioactive decay thermalization efficiency of
rder unity at early times, and SF ion ( t ) is the fraction of non-
hermal energy allocated to ionization from solving the Spencer–
ano equation (Spencer & Fano 1954 ; Kozma & Fransson 1992 ),

ypically on the order of 0.01–0.05 in our models. χ is the ionization
otential of the ion in erg, while A is the atomic mass of the ion, and
 p the mass of a proton. 
In order to consistently compare non-thermal ionization rates to 

hermal collisional ionization, we consider equations (1) and (2) from 

hull & van Steenberg ( 1982 ), which also make use of Lotz ( 1967 ): 

 therm 

= A col T 
1 / 2 (1 + ak B T /χ ) −1 e −χ/k B T cm 

3 s −1 (10) 

here a ≈ 0.1, χ is the ionization potential of the ion in erg, and A col 

s given by 

 col = 1 . 3 × 10 −8 F N val χ
−2 
eV cm 

3 s −1 K 

−1 / 2 . (11) 

ere, F is a ‘focussing factor’ of order unity, and N val is the number
f valence electrons of the ion, taken here to be one in order to be
onsistent with the non-thermal ionization treatment. The thermal 
ollisional ionization rate is then given by � therm 

= C therm 

n e . 
Considering the temperature and density solution of our model 

t 3 d (see Section 4 ), i.e. T ∼ 4000 K, n e ∼ 10 8 cm 

−3 , and taking
n average ionization potential of 10 eV, roughly that of Te I , Ce II ,
t I , and Th II , we find a thermal collisional ionization rate of � therm 

10 −13 s −1 . Compared to this, we have non-thermal collisional 
onization rates on the order of � nt ≈ 10 −4 s −1 , implying non-thermal
ollisions completely dominate relative to thermal collisions at this 
arly time. 

Since the temperature tends to increase with time when the KN 

nters the NLTE regime, it is possible that the relative importance 
f thermal collisional ionization may be greater later on. Taking our 
odel at 20 d with T ∼ 10 4 K and n e ∼ 10 6 cm 

−3 , we find thermal
ollisional rates of � therm 

≈ 10 −7 s −1 , while the non-thermal rates are
n the order of � nt ≈ 10 −5 s −1 . While the rates are now closer, the
on-thermal ones are still dominant for most ions. Naturally, the exact 
mportance of thermal collisional ionization is model dependent. 

In the same way that a quasi-thermal radiation field may push exci-
ation structure towards LTE by photoexcitations, ionization structure 
ould potentially be pushed towards LTE by photoionization (PI). 
onsidering the average energy of a thermal photon at T = 10 4 K,
e have E = k B T ∼ 1 eV. It is thus possible that photons from the high

nergy tail of the radiation field may contribute to photoionization for
ons with low ionization potentials (e.g. Ce I and Th I at χ ∼ 5 eV),
specially when considering PI from excited states which requires 
ess energetic photons. Looking ahead at our models at any epoch, 
e find that PI rates in fact dominate for neutral ions, by an order
f magnitude compared to the non-thermal rates for Te I and Pt I
 � PI ≈ 10 −3 s −1 at 3 d), and by several orders of magnitude for Ce I
nd Th I . Ho we ver, the other ions remain dominated by non-thermal
ollisional ionization, implying that it remains unlikely that an LTE 

onization structure as given by the Saha equation will be present in
ur models for the epochs considered in this study. Thus, it seems
hat for a full application of LTE in both ionization and excitation,
t appears a hotter, denser environment than that of our model at 3 d
fter merger may be required. 

 E X C I TAT I O N  S T RU C T U R E  

e begin by comparing the level populations of the first three
odels in our study, that is the full NLTE, limited NLTE and limited

TE models. The limited NLTE excitation structure is calculated 
n a stand-alone program, using rate equations including thermal 
ollisional rates, spontaneous radiative decay rates (using Sobolev 
scape probabilities), and recombination rates at the ion densities, 
lectron density and temperature of the full NLTE field. This solver
mits photoe xcitation/dee xcitation and photoionizations. 
Figs 1 and 2 show the level population structures of Ce II and Pt III ,

espectively, while the rest of the ions are shown in Appendix A .
hese particular two ions are chosen due to their strong contributions

o the opacity, as described later in Section 4 . These two plots show
he evolution of the various level populations from 3 to 20 d, with
he bottom half of each panel showing the ratios of NLTE to LTE
olutions, in which the horizontal line demarks identical solutions. 
evel populations smaller than 10 orders of magnitude from the 
aximum LTE value are cut, as these sparsely populated states are

nlikely to contribute much to the opacity. 
In the following analysis, we define three groups of levels 

ccording to their behaviour described below. For Ce II , group 1
onsists of levels n ∼ 1–20, group 2 n ∼ 20–100, and group 3 n
 100. For Pt III , they are n ∼ 1 − 25, n ∼ 25–40, and n � 40,

espectively. 

.1 Boltzmann LTE and Full NLTE excitation structures 

e begin by comparing the limited LTE level populations to the
ull NLTE ones. For most ions, the first few excited states, e.g.
roup 1 and 2 populations, are quite well represented by the LTE
pproximation. At early times ( t ∼ 3 d), LTE even approximates the
ess populated, group 3 states quite well, as can be seen in the top left
anel of Fig. 1 . Ho we ver, it is clear that the LTE solutions generally
end to o v erestimate the population of these high-lying states, with
he approximation worsening with higher excitation energies. 

The difference increases with time, and the LTE level populations 
re seen to be relatively poor approximations of the full NLTE
olutions for large ions from around 5 d after merger. A steep drop in
opulation in the full NLTE values occurs for the group 3 states after
everal days, arising from allowed radiative transitions depopulating 
hose levels. As densities decrease with time, collisional rates drop, 
hough spontaneous emission from these high-lying states remains 
naffected, thereby decreasing their population as time goes on. The 
oltzmann equation has no knowledge of spontaneous emission, 
o we ver, thus leading to an increase in the divide between LTE and
LTE solutions. 
There are also some cases, ho we ver, where the LTE solutions

ppear to underestimate the level population relative to the full 
LTE solution. An example of this can be seen for the group 2

evels of Pt III at 3 and 5 d after merger, shown in the top panels of
ig. 2 . The LTE solutions here underestimate the populations of these

evels by up to two orders of magnitude. The explanation here comes
rom the inclusion of recombination inflows in the NLTE solutions. 
ecombination from higher ions, in this example Pt IV to Pt III , leads

o significant inflows into these levels, which are otherwise difficult to 
opulate by collisional excitation. The key difference between Ce II 
MNRAS 513, 5174–5197 (2022) 
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Figure 1. Level populations of Ce II , the most important contributor to opacity for wavelengths λ � 1500 Å, among the ions included in this study, at 3, 5, 10, 
and 20 d after merger (top left to bottom right). States with an LTE level population smaller than the most populated state by a factor of 10 10 are cut from these 
plots. The NLTE level populations with (red) and without (blue) diffuse radiation field terms are compared to LTE populations (black). The sharp drop seen at 
later times for n � 100 is due to levels having allowed spontaneous decay transitions. The level groups are marked out in the 20 d panel. 
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nd Pt III is that the Pt III excitation energies are significantly higher.
he n = 30 level of Pt III , where we begin to see this effect, has an
xcitation energy which corresponds approximately to n = 408 for
e II in our atomic data set. As such, these high excitation energy

tates become difficult to populate from collisional excitation. Other
rocesses such as recombination, ho we v er, hav e no such problem
eaching those levels, and thus push the NLTE populations over the
TE estimate in this case. 
Group 1 populations for Ce II are also underestimated by LTE

t late times, by up to an order of magnitude at 20 d after merger
bottom right panel of Fig. 1 ). In this case ho we ver, recombination
s not the dominating process. Rather, the depopulation of group 3
and to some extent group 2) states in NLTE by radiative emission
eads to significant inflows into the group 1 states, thereby leading
TE to underestimate the correct populations. Such an effect seems
o require particularly large ions, ho we ver, as we do not see an LTE
nderpopulation of group 1 states for Pt III at 20 d after merger. As
uch, it is not an effect that can be broadly ascribed to every ion’s
xcitation structure. 

Generally speaking, it appears that the Boltzmann equation gives
e viating le vel populations compared to NLTE as early as t � 5 d
or these ejecta conditions, in particular for species with complex
NRAS 513, 5174–5197 (2022) 
tructures and many energy levels. Notably, higher excitation states
re harder to correctly approximate using an LTE approach, as
hermal collisional excitation struggles to populate them. Other
rocesses not included in LTE, such as recombination/ionization
n/out of states, as well as all radiative processes, can also play an
mportant role, and contribute significantly to deviation from LTE
olutions. Ho we ver, it is possible that these high-lying states do not
ontribute significantly to emission or opacity. As such, the effect of
his o v erestimation may be small when considering deriv ed quantities
uch as opacity, an aspect which is investigated further in Section 4 .

.2 The importance of the radiation field 

e now turn our attention to the impact of radiation field terms on the
xcitation structure of the ejecta, using the limited NLTE model. As
entioned previously, in order to investigate this, we calculate level

opulations in NLTE (holding ionization and temperature fixed), but
mit radiative absorption and stimulated emission, i.e. equations ( 2 )
nd ( 3 ), as well as photoionizations. This leads to level population
olutions given by the blue points in Figs 1 and 2 . 

While these solutions for Pt III appear to generally follow the full
LTE solutions quite well for most epochs, the large level count of

art/stac1253_f1.eps
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Figure 2. Level populations of Pt III , the most important contributor to opacity for wavelengths λ � 1500 Å, at 3, 5, 10, and 20 d after merger (top left to bottom 

right). States with an LTE level population smaller than the most populated state by a factor of 10 10 are cut from these plots. The NLTE level populations with 
(red) and without (blue) diffuse radiation field terms are compared to LTE populations. The sharp drop seen at later times for n � 45 is due to levels beginning 
to have allowed transitions along the forbidden ones. Level groups are marked out in the 3 d panel, though we note that group 3 ( n � 40) is only visible in the 
20 d plot. 
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e II reveals a noticeably different story. Considering the solution 
or Ce II at 3 d after merger (top left panel of Fig. 1 ), we see that
he groups 1 and 2 full NLTE level populations are relatively well
atched by the limited NLTE solutions, implying that radiative terms 

lay little roles here. Ho we ver, a steep drop in level population is
xperienced in the limited NLTE solutions for the group 3 states.
ince the full NLTE solution at this early time is almost identical

o the LTE solution, this implies that the radiation field plays a key
ole in pushing the populations of high-lying states towards LTE. 
onsidering the relatively low ionization energies of Ce ions ( χ ∼
1 eV for Ce II , ∼20 eV for Ce III ), energetic photons from a radiation
eld at the right temperature ( T = 3817 K here), are populating the
igher lying states of Ce III in a way that collisional processes are
ncapable of. The steep drop at higher levels in the limited NLTE
olution is due to the presence of allo wed radiati ve transitions out
f those levels. These continue to depopulate the high-lying states, 
hich are then not repopulated by radiative excitation, omitted in 

his solution. 
Another aspect of the radiation field’s influence can be seen in the

roup 2 level populations of Ce II from about 5 d onwards. While
he group 3 populations are pushed towards LTE values by radiative
xcitation, group 2 populations are pushed away from LTE values. 
his can be seen most clearly in the bottom left panel of Fig. 1 , on

he bottom half where the ratios of NLTE to LTE level populations
re calculated. Here, we see that the limited NLTE populations of
roup 2, in blue, are seen to be closer to the LTE values than the full
LTE values, up to an order of magnitude for the higher lying states
f group 2 around n ∼ 90. Although the limited NLTE populations
re already lower than the LTE ones for these states, we see with
he full NLTE populations that the radiation field also plays a role in
epopulating these states. 
As time progresses, we see that the effect of the radiation field

ecomes less significant. At 20 d after merger, the limited NLTE
olutions are closer to the full NLTE solutions than the LTE
olution. Ho we ver, group 1 and 2 states remain slightly overestimated
ompared to the full NLTE values, while group 3 states remain
nderestimated. Though the radiation field is now dilute and its effect
itigated, it still plays a noticeable role even at this epoch. From the

onsideration of excitation structures, it appears that a limited NLTE 

pproach omitting radiative transfer is actually a worse approach 
MNRAS 513, 5174–5197 (2022) 
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han using the LTE Boltzmann equation for very early times ∼3 d
fter merger. At later times, t � 10 d, ho we ver, the limited NLTE
alculation better reco v ers the full NLTE solution than the LTE
pproach. The effect this has on expansion opacity is investigated
n Section 4 . 

 E X P  ANSION  O P  AC ITIES  

xpansion opacities are important as they are key to LC and SED
odelling, and the inferral of ejecta properties from these. As LTE

alculations of expansion opacities are thus far the only ones applied
n the literature, it is of interest to investigate the accuracy of this
pproach, both in terms of ionization and excitation structure. From
he consideration of level populations, it is clear that the LTE
pproximation is generally only accurate at early times, though
eviations rapidly appear for high-lying states in large ions. The
ull NLTE solution then appears to be better approximated by the
imited NLTE structure without the radiative terms. It is interesting
o see if this trend is matched by expansion opacity. 

In this section, we first calculate the expansion opacities stemming
rom the excitation structures described in Section 3 . That is, using
he full NLTE solution from SUMO , the limited NLTE calculation
ithout radiative transfer, and the limited LTE solution using the
oltzmann equation. For each of these calculations, the temperature
nd ionization structure are taken from the full NLTE solutions
ielded by SUMO . As such, this first comparison focuses solely on
he effect of the method used to calculate excitation structure in the
jecta. 

We then consider a full LTE approach, making use of the Saha
nd Boltzmann equations to calculate ionization and excitation
tructures. The temperature and densities used to obtain the final
umber densities are from the SUMO simulations, in order to allow
 direct comparison between the full NLTE and full LTE solutions.
he inclusion of a Saha ionization structure calculation is intended

o highlight that LTE conditions not only affect excitation structure,
ut also ionization structure. Notably, different ions will contribute
ifferently, both in magnitude and wavelength, to the expansion
pacity. As such, significant differences in NLTE and LTE ionization
tructure may have important consequences for opacity. 

In order to understand the evolution of the models’ total opacities
resented below, and how these relate to the level populations
resented in the previous section, it is beneficial to first consider the
pacity contributions of individual elements and ions. To this end,
he expansion opacities of the individual ions at 5 d after merger,
alculated using the limited LTE solutions, are presented in Fig. 3 .
e find that Ce II dominates at λ � 1500 Å, with some contributions

rom Ce I and Th II . At shorter wavelengths λ � 1500 Å, we find that
t III is the most important contributor, though Pt II , Pt IV , and Ce III
lso provide some opacity. 

Our elemental opacities appear consistent to those in the literature
see e.g. Kasen et al. 2013 ; Tanaka et al. 2020 ). In particular, we
ompare our exact values for Te, Ce, and Pt in full LTE to those
f Tanaka et al. ( 2020 ) using the parameters described therein ( t =
 d, ρ = 10 −13 g cm 

−3 , T = 5000 K), and find that our values to be
onsistent, within a factor of two at ev ery wav elength considered,
ell within the intrinsic uncertainty stemming from atomic data. 

.1 Effect of excitation structure on expansion opacity 

e consider first the effect the choice of excitation structure calcula-
ion has on expansion opacity, using the calculations presented in the
NRAS 513, 5174–5197 (2022) 
revious section. Here, only excitation structure changes; tempera-
ure and ionization structure are identical between all calculations at
he same epoch. Fig. 4 sho ws ho w the total expansion opacities of
he model evolve with time, when calculated from the limited LTE,
imited NLTE and full NLTE approaches, respectively. 

.1.1 Limited LTE and Full NLTE Opacities 

onsidering first the general evolution of the limited LTE and full
LTE opacities, we find that they are quite similar, with both

ncreasing with time, driven by the 1/ ρ ∝ t 3 term in equation ( 6 ). As
omewhat expected from the evolution of the excitation structures,
he opacities are all essentially identical at 3 d after merger, but
hen slo wly di verge as time goes on. The limited LTE opacities are
igher than the full NLTE opacities o v er the whole wav elength range,
ncreasingly so as time progresses. Notably, from 10 d onwards, the
imited LTE values are greater than the full NLTE values by a factor
f 2–3 o v er the range of wavelengths considered. By 20 d after the
erger, the LTE values are almost an order of magnitude greater than

he full NLTE opacities at certain wavelengths. 
We now consider how the expansion opacities’ evolution is linked

o that of the level populations, taking Ce II as the sample ion due to its
arge size and important opacity contribution at λ� 1500 Å. Initially
t 3 d after merger, the full NLTE excitation structure is essentially
hat of LTE, with high-lying states, i.e. group 3, being slightly less
opulated due to spontaneous radiative decay . Correspondingly , the
TE opacities are just slightly higher than the NLTE values (top left
anel of Fig. 4 ). As time progresses, the NLTE excitation structure
epopulates the group 3 states, in fa v our of the group 1 levels, which
an be seen clearly in the bottom right panel of Fig. 1 . We then have
roup 1 states being o v erpopulated relativ e to LTE, and groups 2
nd 3 being underpopulated. We thus have a competing effect on
pacity from group 1 against groups 2 and 3. Since we see that the
ull NLTE opacity at λ� 1500 Å decreases relative to the LTE values
s time progresses, we find that the o v erestimation of group 2 and 3
opulations by LTE is more important than the underestimation of
roup 1 populations. 
The relative importance of group 2 versus 3 is difficult to ascertain

learly here, as although group 2 is more populated, group 3 has many
ore levels and thus one could theorize that its contribution to opacity
ay sum up to be equal to or greater than group 2’s contribution. In

eality, group 3 appears to have very little contribution to opacity due
o the sparseness of the level populations, though this is better seen
hen considering the limited NLTE opacities, which we do below in

he next subsection. 
A similar analysis can be conducted on Pt III for λ � 1500 Å,

hough the group 3 states ( n � 40) are so sparsely populated that they
nly appear in Fig. 2 at 20 d after merger (bottom right panel). Thus,
onsidering solely groups 1 ( n ∼ 1–25) and 2 ( n ∼ 25–40) for Pt III ,
e see a somewhat different story than for Ce II . Initially the group
 states are very close to the limited LTE values, if slightly lower at
 d after merger. Conversely, the group 2 populations in full NLTE
re greater than the LTE values up to 5 d after merger. We therefore
gain have a competing effect on opacity by these two level groups.
ooking at the small wavelength opacity at 5 d in Fig. 4 , we see that

he limited LTE values are only slightly greater than the full NLTE
alues, implying that for Pt III , the group one levels are slightly more
ominant than the group 2 (or sparsely populated group 3) states. At
0 and 20 d after merger, we now have the vast majority of group
opulations sev erely o v erestimated by the limited LTE solution, with
he exception of the first ∼3 levels. Correspondingly, we see a large
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Figure 3. Expansion opacities calculated from the Boltzmann level populations shown in Section 3 for each individual ion, and summed up for each element, 
at 5 d after merger. The total opacity of the entire limited LTE model is also shown for reference. In this particular model, the ion fractions for each ion, from 

neutral to triply ionized were: Ce = [0.0026, 0.753, 0.212, 0.034], Te = [0.284, 0.485, 0.196, 0.035], Pt = [0.109, 0.617, 0.238, 0.035], and Th = [0.0018, 
0.620, 0.294, 0.084]. 
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ump in the limited LTE opacity at λ � 1500 Å at these epochs,
hich is not seen in the full NLTE opacity. 
From the abo v e considerations, we find that the expansion opacity

s highly dependent on the population of lower lying states (i.e. 
roups 1 and 2) with large populations, even should they represent 
nly a small fraction of the ions’ total levels. While group 3 has
he most levels, these are typically sparsely populated compared to 
roups 1 and 2, and thus contributes the least to opacity. As such,
he effect of the limited LTE approach to expansion opacities will 
epend on the balance of o v er/underestimation between these two 
roups. 

.1.2 NLTE opacities without radiation field 

e now turn our attention to the expansion opacities calculated from
he limited NLTE level populations, given by the blue curves in Fig. 4 .
he exact values of the limited NLTE opacities compared to the other

wo methods varies a bit depending on epoch, initially being slightly
ower at 3 d, and moving in between full NL TE and L TE values by
0 d. Ho we ver, the main result from this calculation is how similar
he limited NLTE opacities are to the full NLTE opacities at every
poch tested here. For all wavelengths considered here, the limited 
LTE values lie within less than a factor of 2 to the full NLTE
 alues. Notably, the de viations seen in the LTE opacities for small
avelengths, stemming from Pt III , are not seen in the limited NLTE

ase. Therefore, we find that using limited NLTE opacities instead 
f LTE opacities at late times ( t � 10 d), for this ejecta model, yields
 highly significant impro v ement to accuracy at all wavelengths. 

The strong similarity between full and limited NLTE opacities 
an be explained by following the same analysis as before with
evel population groups. We consider first the level populations at 
 d, when the limited NLTE opacity slightly underestimates the 
rue values. Looking Ce II in Fig. 1 , top left panel, we see that the
roup 1 and 2 populations of the limited and full NLTE solutions are
ractically identical. Ho we ver, the limited NLTE group 3 populations
re drastically smaller; collisional excitation struggles to compete 
ith allowed radiative transitions downwards. Group 3 contributes 

elatively little to opacity however, and thus we only see a slight
nderestimation for λ � 1500 Å dominated by Ce II . The Pt III
opulations at 3 d after merger are shown in the top left panel of
ig. 2 , and we see that the limited NLTE populations for group 1
re slightly lower than in the full NLTE solution. Thus, the limited
LTE opacity at early times and small wavelengths is also slightly
nderestimated. 
As time progresses, ho we ver, we see from Figs 1 and 2 that the

imited NLTE approach becomes a better approximation of full NLTE 
MNRAS 513, 5174–5197 (2022) 
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Figure 4. Expansion opacities for the standard model when excitation structure is calculated using the Boltzmann equation (black), the full NLTE calculations 
(red), and the limited NLTE calculations (blue). The panels show the o v erestimate of the limited LTE opacity increasing with time. The limited NLTE approach 
better approximates the full NLTE opacities compared to when solely using the Boltzmann equations, especially at late times. 
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han the LTE approach, especially from 10 d onwards. At 20 d after
erger, the limited NLTE opacity in the Ce II dominated regime

s very slightly larger than the full NLTE values, corresponding
o the higher group 2 population seen in the bottom right panel
f Fig. 1 . The small wavelengths dominated by Pt III ho we ver are
lmost identical, showing that group 3 populations are too small to
ignificantly influence opacity, since group 1 and 2 populations are
ssentially the same for the full and limited NLTE solutions, as seen
n the bottom right panel of Fig. 2 . 

.2 Ionization structure effect on opacity 

n the previous section, we examined the effect of excitation structure
olutions on the expansion opacity, finding that the limited LTE
olution yielded opacities similar to the full NLTE values up to
bout 5 d after merger. We now consider a full LTE approach, where
he ionization structure is calculated from the Saha equation, and
he excitation structure from the Boltzmann equation. As shown in
ig. 3 , different ions of an element contribute very differently to

he opacity. As such, should the Saha equation yield an ionization
tructure notably different to that of the full NLTE solution, the
xpansion opacity may be significantly impacted. 
NRAS 513, 5174–5197 (2022) 

o  
Fig. 5 shows the evolution of the full LTE opacities compared to
he full NLTE opacities from 3 to 20 d after merger. In broad terms,
he full LTE opacity is more similar to the NLTE values at the early
pochs when compared to the later epochs, though large differences
t select wavelengths are noticeable at every epoch. Starting at
 d after merger, we see that the LTE opacities closely track the
LTE values for wavelengths λ � 1000 Å. This agreement is quite

emarkable, given that thermal collisional ionization and three-body
ecombination play no role in the SUMO simulations. We will return
o this point below. 

Under 1000 Å the opacities are first underestimated, and then
t later epochs highly o v erestimated by the full LTE solution. At
0 d, we see the LTE opacity underestimates the full NLTE opacity
etween 2000 Å � λ � 7000 Å by a factor of ∼2–3. Finally at 20 d
fter merger, we see a complete lack of LTE opacity for wavelengths
� 4000 Å. Since the level populations are still calculated from

he Boltzmann equation as presented in Section 3 , these radical
ifferences in opacity must come from the difference in ionization
tructure. 

Indeed, the Saha equation does not truly reproduce the full
LTE ionization structure at any epoch, nor is it expected to (see
ection 2.1 ). Notably, certain key ions are entirely absent o v er ranges
f temperature solutions, thereby yielding a large effect on opacity. At

art/stac1253_f4.eps


NLTE KN opacities 5183 

Figure 5. Expansion opacities for the models when employing a full NLTE approach compared to that of a full LTE approach (Saha and Boltzmann equations). 
Note that the temperature solutions are from the full NLTE solutions in both cases. 

1  

s  

i  

S  

a
o  

a  

N  

t  

l  

a  

 

i
o  

l
o  

t
m  

e
e  

a  

N
c
1

t
a  

d
c
a  

s
p

4

A  

a  

t  

e  

p
b  

m
o  

b  

o
 

m  

c  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/5174/6582227 by U
ppsala U

niversitetsbibliotek user on 13 June 2022
0 d and prior, Pt III is missing from the Saha ionization structure, and
o the large amount of opacity this ion provides at short wavelengths
s missing. At 20 d, ho we ver, Pt III is highly abundant according to the
aha equation, and so we reco v er the o v erestimation of LTE opacity
t λ � 1500 Å as seen in the previous section. The underestimation 
f opacity in the central wavelength range seen at 10 d is due to the
bsence of Ce I , and lower fraction of Ce II in LTE compared to the
LTE solution. At 20 d after merger, Ce II is completely absent from

he Saha ionization solution, and Ce III is only present in traces, thus
eading to a lack of opacity at longer wavelengths. The opacity of Pt
t 3 d and Ce at 20 d is shown in Fig. 6 to illustrate this explanation.

The effect of an ionization structure deviating from that of LTE
s difficult to predict, since different ions contribute differently to 
pacity. As an example, in our models we find that Ce II provides a
arge amount of opacity at longer wavelengths, so a Saha solution 
 v erpredicting the abundance of Ce II may o v erestimate opacity. On
he other hand, underpredicting the abundance, like at 20 d after 
erger, will lead to an underestimation of opacity . Naturally , the

xact effect depends heavily on the elemental composition of the 
jecta, as well as the atomic data on which all the calculations
re based. A caveat that must be mentioned here is that the
LTE treatment of ionization in SUMO is for the moment quite 

oarse, with recombination rates given by a fixed value, α = 

0 −11 cm 

−3 , non-thermal collisional ionization is estimated using 
he Lotz approximation for collisional cross-sections (Lotz 1967 ), 
nd PI cross-sections are hydrogenic [see Pognan et al. ( 2022 ) for
etails on ionization and recombination treatment.] As such, the 
omparison here between Saha and NLTE ionization should be taken 
s indicative, rather than as an absolute measure of deviation. More
ophisticated NLTE ionization calculations are needed before a full 
icture can be established. 

.3 Importance of ejecta density 

s shown in the previous sections, the conditions within the ejecta
re expected to deviate further from LTE as time goes on, though
he excitation structure appears to remain close to that of LTE for
pochs t ≤ 5 d. Ho we ver, LTE conditions require thermal collisional
rocesses, and/or radiative processes from a thermal background, 
oth of which are sensitive to ejecta density. As ejecta velocities,
asses, and compositions can vary significantly depending on their 

rigin in the merger, it is interesting to gauge whether LTE can be
roadly applied to all ejecta types at early times, and how the length
f validity depends on ejecta parameters. 
In a first order attempt to address this, we consider a lower density
odel with M ej = 0.01 M � and v ej = 0.2 c at 3 d after the merger. This

orresponds to an ejecta density lower by a factor of 40 compared
o the standard model with M ej = 0.05 M � and v ej = 0 . 1 c at the
MNRAS 513, 5174–5197 (2022) 
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Figure 6. Expansion opacities of Pt (top) and Ce (bottom) at 3 and 20 d after merger, respectively. The left column shows the values from the calculations using 
the limited LTE model, and the right column shows the values when using the full LTE model. Ions with no abundance are not plotted.The total curves in the 
left-hand panels are the limited LTE opacities, and the total curves in the right-hand panels are the full LTE opacities. 
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ame epoch. We do not test higher densities, as these are expected to
e pushed further towards LTE. The level populations of Ce II , and
he corresponding expansion opacities are shown in Fig. 7 . We see
here that the level populations and opacities resemble those of our
tandard model at 20 d after merger, which has a factor of 2 lower
ensity. As expected, lower density ejecta will deviate away from
TE conditions at earlier times, since both collisional processes and
he radiation field density are significantly reduced. 

Low density ejecta such as that considered here are typically
ound in dynamical, tidal ejecta with low electron fractions. As such,
pacity rich elements such as lanthanides, i.e. Ce in this study, can
e synthesized in these ejecta. Since lanthanide elements typically
ontribute immensely to opacity, correctly modelling their excitation
nd ionization structures, and resulting opacities, is key to correctly
nterpreting KN observations. From Fig. 7 , it is clear that such low
ensity ejecta are already f ar aw ay from LTE conditions even 3 d
fter merger, and opacities may be severely overestimated in LTE. 

 IMPLICATIONS  F O R  K N  M O D E L L I N G  

n the previous sections, we have shown that excitation structure
s approximately in LTE at 3 d after merger, with an important
ontribution from the radiation field in pushing high-lying states
owards LTE. The corresponding expansion opacity appears to be
NRAS 513, 5174–5197 (2022) 
ery close to that of the full NLTE solution up to 5 d after merger,
hough a full LTE approach with Saha ionization can increase this
ifference. The key difference appearing is that limited LTE opacities
end to o v erestimate both the full and limited NLTE opacities
cross all wavelengths. The full LTE opacity on the other hand,
nderestimates opacity o v er certain wav elength ranges due to an
ffect stemming from a change in ionization structure. We now
iscuss the implications of these o v er and underestimations. 
At post-diffusion times, the opacity in LTE codes determines the

ED, and is thus widely used to describe different KN ejecta that give
ise to models such as the ’two component’ model (see e.g. Perego
t al. 2014 ; Cowperthwaite et al. 2017 ; Tanaka et al. 2017 ; Tanvir
t al. 2017 ). Considering the models in Tanaka et al. ( 2017 ) (their
g. 3), we see that higher opacity at fixed mass, velocity, and epoch
ields a typically redder SED. The enhanced opacity there is linked
o the presence of heavy r-process elements, notably lanthanides
such as Ce in our study). The presence of such heavy elements
tself implies that the ejecta has a relati vely lo w electron fraction Y e ,
hich can then be used to infer qualities about the equation of state
f the neutron star material, and potentially information about the
rogenitor system itself, or the nature of the remnant. 
As such, an o v erestimation of opacity, such as that seen in our

imited LTE model after 5 d, implies that inferences of ejecta com-
osition from LTE model-data comparisons may give too low pro-
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Figure 7. Left-hand panel: Level populations of Ce II for the low density model at 3 d after merger. Right-hand panel: expansion opacities for the low density 
model at 3 d after merger. 
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ortions of lanthanides and potentially 3rd r-process peak elements, 
hich are expected to be produced alongside lanthanides at low 

nough Y e . The underestimation of lanthanide fraction in the ejecta 
orresponds to fitting a too high value of Y e . An underestimation of
pacity, such as that seen in the full LTE model at 10 d onwards,
ould naturally have the opposite effect. As mentioned previously 
o we ver, the large drop of full LTE opacity at 20 d is also dependent
n our model composition, and so cannot be readily generalized to 
ll ejecta models. 

Considering the observed KN AT2017gfo, the presence of lan- 
hanides in the ejecta was robustly inferred from the SED (Abbott 
t al. 2017 ; Chornock et al. 2017 ; Drout et al. 2017 ; Kasen et al. 2017 ;
erego, Radice & Bernuzzi 2017 ), as well as light curves in the optical
ed and infrared peaking at later times than the bluer wavelengths, e.g. 
p to ∼2–3 d for i band to K band (see e.g Villar et al. 2017 , fig. 1 ). The
ass of the various KN components were inferred from combined 

ight curves up to t ∼ 30 d after merger. From our results presented
ere, it is possible that opacity from 10 d onwards is o v erestimated in
TE for our standard model of M ej = 0.05 M �, v ej = 0.1 c. Ho we ver,
his model is o v erdense compared to the estimates of individual ejecta
omponents, e.g. a lanthanide rich component with M ej ∼ 0.01 M �, 
 ej = 0.15 c (Villar et al. 2017 ) (though see also Kasen et al. ( 2017 )
ith M ej = 0.04 M �, v ej = 0 . 1 c). This lanthanide rich component
ay thus have ejecta parameters closer to that of our low density
odel with M ej = 0.01 M �, v ej = 0.2 c, which is already well out of

TE conditions even at 3 d after merger, right after the IR LCs peak.
his implies that the mass estimates of lanthanide rich components 

rom AT2017gfo may in fact be slightly underestimated, especially 
f later time ( t � 5 d) observations are used under the assumption of
TE opacity. 
In general, key quantities such as ejecta mass and velocity, as well

s broad composition are inferred from observables such as LC peak 
ime and luminosity, which are directly dependent on opacity (e.g. 
quations 2 and 3 in Kasen et al. 2017 ). Furthermore, the emergence
f various KN components at different times, such as the ’red’ and
blue’, or alternatively lanthanide ’rich/free’, components is also 
irectly dependent on the assumed opacity of the KN ejecta. The 
avelength dependence and evolution of ejecta opacity therefore 
lays a central role in inferring the physical characteristics of the 
jecta, and thus requires precise modelling in order to accurately 
m  
erive these quantities. The results presented here highlight that the 
ssumption of LTE conditions must be carefully considered, taking 
nto account not only epoch after merger, but also ejecta parameters,
otably with respect to ejecta density and composition. 

 C O N C L U S I O N S  

e present the first study of NLTE level populations in kilonova
jecta. We calculate these at 3–20 d post-merger for an ejecta with
arameters M ej = 0.05 M �, v ej = 0.1 c, and composition Te, Ce,
t, and Th, using the SUMO radiative transfer code. We compare the
LTE solutions to the LTE Boltzmann approximation for the same 

emperature, to delineate when significant LTE deviations occur, and 
or which levels. 

The atomic levels can roughly be divided into three groups based
n their behaviour in NLTE versus LTE. The first group consists of
he lowest lying states, and are typically well represented by LTE
opulations at early to intermediate times, as most of the ions are
n these states. A first-order effect for higher lying states is that,
lready from a few days, thermal collisions are unable to maintain
quilibrium, and the levels become underpopulated in NLTE due to 
apid spontaneous decays. We define as group 3 those levels with
llowed transitions to excited states (giving low optical depths) – the 
evel populations of these are orders of magnitudes smaller than in
TE. Group 2 are intermediate levels with only forbidden or optically
hick deexcitation channels – the LTE deviations for these are smaller 
ith typical populations one or two orders of magnitude away from
TE. 
While it has long been recognized that collisions cannot maintain 

TE for more than a few days in KN ejecta, it has remained unknown
hether a strong radiation field, experiencing a complex transfer 

hrough millions of bound–bound transitions, could maintain LTE for 
onger. With our simulations, we are able to provide a first answer
o this question. By comparing NLTE solutions with and without 
iffuse radiation field terms, we demonstrate that the radiation field 
as a strong influence on the level populations. For high-lying levels
group 3) it pushes the populations closer to LTE, especially at early
imes. This effect is necessarily accompanied by some lower states 
group 2) being pushed away from LTE. This effect is often quite
ild, though can become significant for large ions such as Ce II .
MNRAS 513, 5174–5197 (2022) 
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enerally, the radiation-free NLTE excitation structure more closely
esembles that of full NLTE than the LTE values, especially at late
imes. 

From the excitation structures yielded by the Boltzmann equa-
ion (limited LTE), full NLTE (SUMO solutions), and limited NLTE
no diffuse radiation field), we calculate the expansion opacity, a
ey quantity used in KN light curve and SED modelling. For our
-element composition, (Te, Ce, Pt, and Th) the lanthanide Ce plays
 particularly important role, notably Ce II which dominates the
xpansion opacity at optical wavelengths and longer. 

We find that the limited LTE opacities for our standard model are
imilar (factor � 2 error) to full NLTE ones up to approximately 5 d
fter merger. This is the first verification for the applicability of LTE
xpansion opacities for the early KN phase. Up to about 3 d, the
adiation field helps to maintain LTE opacity values by its influence
n group 3 populations. By 5 d, ho we ver, the lo wering of group 2
opulations for Ce II offsets the gains for group 3 and the opacity
s instead pushed away from its LTE value compared to collisional
LTE. 
At later times, the NLTE opacities are systematically lower than

he LTE ones by factor 2–10. For our particular model, the opacity
t the most important wavelengths ( λ � 3000 Å), is still accurate to
actor 2–3 in LTE. As we see underpopulation of the vast majority of
tates in NLTE compared to LTE, and Sobolev expansion opacities
ave the property of depending on the number of optically thick lines
ather than on the values, we assess that an o v erestimate of opacity
n LTE is a generic property of a Boltzmann approach. 

The opacity yielded by the limited NLTE excitation structure is
emarkably similar to that of the full NLTE solution at all epochs,
otably being almost identical even at 20 d after merger. For our
articular model, we find that they are better approximations of
he full NLTE opacities than the limited LTE opacities from 5 d
nwards. Since the limited NLTE opacities are calculated using an
xcitation structure that is defined without radiation terms, they
ay be calculated without any application of radiative transfer.
his provides an interesting future direction for calculating NLTE
xpansion opacities for KN ejecta that would be applicable even to
ate times after the merger. 

When it comes to ionization, NLTE calculations are still at a
elatively crude stage where SUMO uses generic formulae for ioniza-
ion cross-sections (Lotz 1967 ), fixed and temperature-independent
ecombination rates, and hydrogenic photoionization cross-sections.
hus, NLTE ionization solutions are far more uncertain than the
xcitation solutions for a given ion abundance, and the NL TE/L TE
omparisons are therefore more tentative. Discrepancies between
 TE and NL TE opacities will, naturally, be larger when NLTE

onization effects are also considered. A generic effect is that the
on-thermal ionizations occurring in NLTE give a broader range of
on stages compared to LTE, which tends to fa v our certain ions for a
iven temperature and density. 
Somewhat by coincidence, our particular model gives almost

dentical optical and IR opacities up to 10 d compared to the full
TE values. This arises because a single ion, Ce II , dominates at
hese wavelengths, and the abundance of this ionization stage is
imilar in LTE and NLTE. Ho we ver, a complete breakdown of LTE
onization is illustrated by the results at 20 d, where the full LTE
pacities are off by two orders of magnitudes. Similarly large errors
an probably occur earlier for other compositions than the one tested
ere (e.g. the UV opacity if off by factor 10 at 3 d where Pt II
ominates). A complete understanding of full NLTE versus full LTE
pacities requires both impro v ed NLTE physics and a larger model
rid exploring different densities and compositions. 
NRAS 513, 5174–5197 (2022) 
Finally, we also study a lower density model ( M ej = 0.01 M �
nd v ej = 0.2 c). As these parameters yield a density lower by a
actor of 40 compared to the original model at the same epoch, we
ee a significant deviation of the NLTE level populations from the
TE v alues e ven at 3 d, subsequently leading to an o v erestimation
f opacities. Since certain key KN ejecta components, such as
anthanide rich, dynamical ejecta, may have masses and velocities
imilar to the low density model, this may have implications for
nferred lanthanide masses in AT2017gfo. 
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PPENDI X  A :  LEVEL  POPULATI ON  PLOTS  

n this appendix, we present the level plots from the other ions in a
ashion similar to Figs 1 and 2 (which are not presented again here),
hat is epoch evolving from 3 to 20 d after merger, top left to bottom
ight. T e I –T e IV are presented in Figs A1 and A2 . Ce I and Ce III

re in Fig. A3 , Ce IV and Pt I in Fig. A4 , Pt II and Pt IV in Fig. A5 .
h I –Th IV are then shown in Figs A6 and A7 . 
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Figure A1. Level populations of Te I (upper 4 panels) and Te II (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an LTE 

level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A2. Level populations of Te III (upper 4 panels) and Te IV (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an 
LTE level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A3. Level populations of Ce I (upper 4 panels) and Ce III (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an LTE 

level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A4. Level populations of Ce IV (upper 4 panels) and Pt I (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an LTE 

level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A5. Level populations of Pt II (upper 4 panels) and Pt IV (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an LTE 

level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A6. Level populations of Th I (upper 4 panels) and Th II (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an LTE 

level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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Figure A7. Level populations of Th III (upper 4 panels) and Th IV (lower 4 panels) at 3, 5, 10, and 20 d after merger (top left to bottom right). States with an 
LTE level population smaller than the most populated state by a factor of 10 10 are cut from these plots. 
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PPENDIX  B:  ELEMENTA L  O PAC I T Y  PLOTS  

n this appendix, we present the opacities of individual ions calculated 
sing NLTE ionization and Boltzmann level populations (same as in 
ig. 3 ) at the other epochs: 3, 10, and 20 d after merger. 
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Figure B1. Expansion opacities calculated from the Boltzmann level populations for each individual ion, and summed up for each element, at 3 d (upper 4 
panels) and 10 d (lower 4 panels) after merger. The total opacity of the limited LTE model is also shown for reference. 
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Figure B2. Expansion opacities calculated from the Boltzmann level populations for each individual ion, and summed up for each element, at 20 d after merger. 
The total opacity of the limited LTE model is also shown for reference. 
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