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A B S T R A C T 

The late-time spectra of the kilonova AT 2017gfo associated with GW170817 exhibit a strong emission line feature at 2 . 1 μm . 
The line structure develops with time and there is no blueshifted absorption feature in the spectra, suggesting that this emission 

line feature is produced by electron collision excitation. We attribute the emission line to a fine structure line of Tellurium (Te) III, 
which is one of the most abundant elements in the second r-process peak. By using a synthetic spectral modelling including fine 
structure emission lines with the solar r-process abundance pattern beyond the first r-process peak, i.e. atomic mass numbers A 

� 88, we demonstrate that [Te III ] 2 . 10 μm is indeed expected to be the strongest emission line in the near infrared region. We 
estimate that the required mass of Te III is ∼10 

−3 M �, corresponding to the merger ejecta of 0.05 M �, which is in agreement 
with the mass estimated from the kilonova light curve. 

Key words: neutron star mergers. 
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 I N T RO D U C T I O N  

he origin of r-process elements is a long-standing problem in astro-
hysics (Burbidge et al. 1957 ; Cameron 1957 ). Neutron star mergers
ave been considered as promising sites of r-process nucleosynthesis 
Lattimer & Schramm 1974 ). A neutron star merger, GW170817, 
as accompanied by an uv–optical–infrared counterpart, a kilonova 

or macronova) AT 2017gfo, which provides strong evidence that 
-process nucleosynthesis occurs in neutron star merger ejecta (see, 
.g. Metzger 2017 ; Nakar 2020 ; Margutti & Chornock 2021 , for
e vie ws). 

A series of spectral data of the kilonova AT 2017gfo was obtained
n the optical and near infrared bands from 0.5 to 10 d after the merger
Andreoni et al. 2017 ; Chornock et al. 2017 ; Kasliwal et al. 2017 ;
ian et al. 2017 ; Smartt et al. 2017 ; Tanvir et al. 2017 ; Troja et al.
017 ). The kilonova AT 2017gfo is dominated by the photospheric 
mission at the early times. The emission around a few days after
he merger peaks in the near infrared band, indicates the existence of
anthanides, which have strong absorption at optical to near infrared 
avelengths (Barnes & Kasen 2013 ; Kasen, Badnell & Barnes 2013 ;
anaka & Hotokezaka 2013 ; Kawaguchi, Shibata & Tanaka 2018 ; 
ontes et al. 2020 ; Tanaka et al. 2020 ; Barnes et al. 2021 ). The early
pectra also exhibit several absorption structures including: (i) the 
 . 8 μm feature attributed to Sr II or He I (Watson et al. 2019 ; Domoto
t al. 2021 ; Gillanders et al. 2022 ; Perego et al. 2022 ; Tarumi et al.
023 ) and (ii) the 1 . 3 μm and 1 . 5 μm features attributed to La III and
e III , respectively (Domoto et al. 2022 ). In addition, Sneppen et al.
 E-mail: kentah@g.ecc.u-tokyo.ac.jp 

t  

n  

d  

w  

2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
 2023 ) demonstrated that the spectra in this phase are useful to study
he geometry of the outer part of the kilonova ejecta, � 0.2 c . 

After the photospheric phase, kilonovae enter the nebula phase, 
here the ejecta is heated by charged decay products of the

adioactivity of r-process nuclei and the heat is radiated through 
tomic emission lines. Examining kilonova nebular spectra provides 
pportunities to identify atomic species synthesized in the merger 
jecta that may not appear as absorption lines during the photo-
pheric phase. For instance, Hotokezaka et al. ( 2022 ) interpreted the
etection of Spitzer (Villar et al. 2018 ; Kasliwal et al. 2022 ) at 4 . 5 μm
t 43 and 74 d after the merger as emission lines of selenium (Se) or
ungsten (W). 

In the intermediate phase between the photorspheric and nebular 
hases, ∼ 10 d, the infrared emission is of particular interest because
he absorption opacity due to atomic transitions is lower compared 
o the optical region (e.g. Tanaka et al. 2020 ), and thus, the emission
ines are expected to appear as early as � 10 d. Most of infrared
mission lines are expected to arise from fine-structure transitions 
n the ground terms of heavy elements, for which the line wave-
engths and transition rates can be obtained with reasonably high 
ccuracy from the experimentally calibrated atomic energy levels. 
urthermore, such emission lines can be used to estimate the mass
istribution of the emitting ions from the emission line spectra (see
.g. DerKacy et al. 2023 ; Kwok et al. 2023 , for Type Ia supernova
ebular emission). 
In Section 2 , we study an emission line feature at 2 . 1 μm in the

ilonova AT 2017gfo spectra from 7.5 to 10.5 d. We attribute this line
o a fine-structure line of doubly ionized Tellurium (Te III , atomic
umber 52). The Te III mass that is required to explain the observed
ata is estimated as ∼10 −3 M �. With a synthetic spectral modelling
ith the solar r-process abundance pattern, we show that [Te III ]
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Spectral series of the kilonova AT 2017gfo 7.5–10.5 d after 
the merger. The observed data were taken by X-shooter on VLT (Pian 
et al. 2017 ). The synthetic spectra are composed of fine structure emis- 
sion lines (dashed curve) and a continuum (dotted curve), where the 
continuum emission is approximate by a blackbody with temperatures 
T BB = 2400 , 2100 , 1800 , 1700 K at 7.5, 8.5, 9.5 and 10.5 d, respectively. 
The electron temperature is fixed to be 2000 K. The ejecta model assumes 
M ej = 0.05 M �, v exp = 0.07 c , and n e = 10 7 cm 

−3 ( t/ 9 . 5 d) −3 . We use 
ionization fractions of ( Y + 0 , Y + 1 , Y + 2 , Y ≥+ 3 ) = (0 . 25 0 . 4 , 0 . 25 , 0 . 1) for 
all the atomic species for simplicity. The composition is assumed to be the 
solar r-process abundance pattern with A ≥ 88 (Fig. 2 ). The shape of each 
emission line is assumed to be a Gaussian profile with a broadening parameter 
of 0.07 c . The distance to the source is set to = 40 Mpc . The wavelength 
of [Te I ] 2 . 10 μm and [Te III ] 2 . 10 μm is shown as a vertical dashed line. 
Also shown as vertical lines are possibly strong emission lines at 10.5 d. 
The grey shaded vertical regions depict the wavelength ranges between the 
atmospheric windows. The wavelength of [Te I ] 2 . 10 μm is shown with an 
offset of + 0 . 04 μm . 
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 . 10 μm is the strongest fine structure emission line in the near
nfrared region. In Section 3 , we conclude the results and discuss the
ncertainties and implications. 

 TE  I I I LIN E  IN  K I L O N OVA  

he emission lines produced through radiative de-excitation of atoms
merge from the optically thin region of the ejecta. The optical depth
f the kilonova ejecta with an expansion velocity of v ej and a mass
f M ej is 

≈ κM ej 

4 π ( v ej t) 2 
, (1) 

≈ 1 

(
κ

1 cm 

2 g −1 

) (
M ej 

0 . 05 M �

) ( v ej 

0 . 1 c 

)−2 
(

t 

10 d 

)−2 

, (2) 

here κ is the opacity and t is the time since merger. The opacity
s dominated by bound–bound transitions of heavy elements and
epends on the composition and wavelengths. Tanaka et al. ( 2020 )
how that the expansion opacity decreases with wavelength, e.g.
10–100 cm 

2 g −1 around 0 . 5 μm and � 1 cm 

2 g −1 around 2 μm .
herefore, infrared emission lines are expected to emerge at the
arlier time than optical lines. For AT 2017gfo, we expect emission
ines to dominate o v er the photospheric emission as early as ∼ 10 d
round 2 μm . 

Fig. 1 shows the spectral series of the kilonova AT 2017gfo from
.5 to 10.5 d after the merger taken by X-shooter on the Very Large
elescope (Pian et al. 2017 ). The observed spectra are composed of
everal line features and a continuum component extending from the
ptical to near infrared bands. We model the underlying continuum
pectrum by blackbody radiation, where the photospheric velocity
nd temperature for 7.5–10.5 d are 0.06–0.08 c and 1700–2400 K,
espectively. 

The observed spectra clearly show an emission line at 2 . 1 μm . The
 xpansion v elocity of the line emitting re gion is ∼0.07 c deriv ed from
oppler broadening of the line, which is consistent with the picture
here the emission line is produced outside the photosphere. The

ine flux remains roughly constant with time while the continuum
ux declines, and thus, the line-to-continuum ratio increases from
1 at 7.5 d to ∼1.5 at 10.5 d. This development of the emission line
ithout a blueshifted absorption feature indicates that the emission

t 2 . 1 μm is a forbidden line driven by electron collision rather than
n emission line associated with an absorption line, e.g. a P-Cygni
ine or a fluorescence line. 

The wavelength of the peak of the emission line feature indeed
oincides with a fine structure line, [Te III ] 2 . 10 μm , arising from the
ransition between the ground level 3 P 0 and the first excited level 3 P 1 .
t is worth noting that [Te III ] 2 . 10 μm has been detected in planetary
ebulae (Madonna et al. 2018 ). Note that the transition between the
round level 3 P 2 and the second excited level 3 P 1 of Te I also produces
n emission line at 2.1 μm. As discussed later, the contribution of
e I line is weaker than Te III line. 
It may not be surprising that Te III produces the strongest emission

ines because Te is among the most abundant elements in the second
-process peak. Fig. 2 shows the mass fraction of each atom at 10 d
fter the merger. Here, we assume that the final abundance pattern
atches the solar r-process residual with atomic numbers A ≥ 88

Hotokezaka & Nakar 2020 ), i.e. the elements beyond the first r-
rocess peak. With this assumption, the most abundant element is Sr
nd the second most is Te at 10 d. 

Note also that [Te III ] 2 . 10 μm is particularly expected to be strong
s long as Te III is abundant outside the photosphere because this line
s produced by radiative decay of the first fine structure level, which
NRASL 526, L155–L159 (2023) 
s easily excited by electron collision. For the iron peak elements,
Co III ] 11 . 89 μm and [Co II ] 10 . 52 μm represent lines of the same
ature. Indeed, these are among the most prominent mid-IR lines
bserved in SNe Ia and SN 1987A, respectively (e.g. Wooden et al.
993 ; Kwok et al. 2023 ). 
Let us first give an estimate of the amount of Te III from the

bserved line flux by assuming that the observed line flux is
redominantly produced by Te III and the ejecta is optically thin
o the [Te III ] 2 . 10 μm . The total line luminosity is given by ### 

 ∼ hν10 A 10 f 1 N ( Te III ) , (3) 

here h ν10 , A 10 ≈ 2 s −1 , and f 1 are the excitation energy, the radiative
ecay rate, and the fraction of Te III ions in the 3 P 1 le vel, respecti vely,
nd N ( Te III ) is the total number of Te III ions in the ejecta (see
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Figure 2. Elemental mass fraction used in the synthetic modelling. The 
abundance pattern at 10 d is determined such that the final abundance pattern 
at ∼ 5 Gyr matches the solar r-process residual for 88 ≤ A ≤ 209. Tellurium 

is the second most abundant element in this model. 
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quations 1 and 2 in Hotokezaka et al. 2022 , for the formula
f M1 transition probabilities). The observed flux at 2 . 1 μm after
ubtracting the underlying continuum is ∼ 0 . 1 mJy , corresponding 
o the observed line luminosity of L obs , line ∼ 2 × 10 39 erg s −1 with 
 = 40 Mpc . Equation ( 3 ) leads to a total mass of Te III : 

( Te III ) ∼ 10 −3 M �

(
f 1 

0 . 1 

)−1 (
L obs , line 

2 × 10 39 erg s −1 

)
. (4) 

ote that the electron density at t ∼ 10.5 d may be comparable to the
ritical density of Te III 3 P 1 (Madonna et al. 2018 ), and therefore, the
evel fraction f 1 is comparable to or slightly less than that expected
rom the thermal distribution, i.e. f 1 ≈ 0.1 in thermal equilibrium at 
 e = 2000 K. Given the total ejecta mass of ∼0.05 M �, we estimate

hat the mass fraction of Te is greater than a few per cent. 
We now turn to the comparison of the observed spectra with a

ynthetic spectral model. The synthetic spectrum is composed of 
ne structure emission lines and a continuum component, where the 
ontinuum emission is approximated by blackbody radiation. The 
lackbody temperature and radius at a given epoch are determined 
uch that the synthetic spectrum roughly agrees with the observed 
ne at the near IR region � 2 μm . 
The emission line spectrum is computed by the one-zone mod- 

lling presented in Hotokezaka et al. ( 2022 ), where the energy level
opulations are solved by balance between collision and radiative 
ecay for a given electron density, temperature, and ionization state. 
e use the collision strengths of the fine structure transitions of the

round term of Te III derived by Madonna et al. ( 2018 ). The collision
trengths of other elements that are rele v ant for the nebular modelling
t λ � 3 . 5 μm are obtained by using an atomic structure code HULLAC

Bar-Shalom, Klapisch & Oreg 2001 ; see also Hotokezaka et al. 
022 ) and the M1 line list is constructed by using the NIST data
ase (Kramida et al. 2021 ) and the LS selection rules with the single-
onfiguration approximation. Note that the wavelengths and radiative 
ransition rates of the M1 lines in the list are sufficiently accurate for
ur purpose. 
In the modelling, the ejecta composition is assumed to be the solar

 -process ab undance pattern with A ≥ 88 (Fig. 2 ). The ionization
ractions are ( Y 

+ 0 , Y 

+ 1 , Y 

+ 2 , Y 

≥+ 3 ) = (0.25, 0.4, 0.25, 0.1). 1 This
hoice is moti v ated by Pognan, Jerkstrand & Grumer ( 2022a ), where
 We neglect the emission lines of ions in Y ≥+ 3 . 

e  

a
m  
he ionization fractions of Te atoms in the kilonova nebular phase
re studied. A caveat here is that the ionization fraction should vary
mong different atomic species. Note that, ho we ver, the singly and
oubly ionized ions are typically the most and second most abundant
round 10 d (Hotokezaka et al. 2021 ; Pognan et al. 2022a ). 

We choose the electron temperature to be T e = 2000 K. Further-
ore, T e is assumed to be constant with time because of the following

eason. In the line forming region, T e is determined by the balance
etween the line cooling and radioactive heating. The former is given
y equation ( 3 ), where f 1 obeys the Boltzmann distribution for n e �
 c and decreases as n e ∝ t −3 for n e 	 n c . Here, n c ≈ 6 × 10 6 cm 

−3 

s the critical density of the first excited level of Te III . Given the
ime dependence of the heating rate ∝ t −1.3 (Metzger et al. 2010 ),
 e decreases and increases with time for n e � n c and n e 	 n c ,
espectively. Because n e is roughly n c for 7.5–10.5 d, T e is expected
o be roughly constant with time if the [Te III ] line dominates the
ooling in the line forming region. 

With these choices of the ionization and T e , the ejecta mass of
.05 M �, and the expansion velocity of 0.07 c , [Te III ] 2 . 10 μm is
he strongest emission line among M1 transitions of all the heavy
lements beyond the first r-process peak and the synthetic spectra 
an roughly reproduce the emission line structure around 2 . 1 μm .
he ejecta mass of 0.05 M � agrees with the ejecta mass estimated

rom the energy budget of the bolometric light curve (Kasen & Barnes 
019 ; Waxman, Ofek & Kushnir 2019 ; Hotokezaka & Nakar 2020 ).
If this interpretation is correct, we expect that the 2 . 1 μm line

emains at the later times while the continuum flux keeps declining.
t is worth noting that Te III may produce another emission line at
 . 93 μm arising from the transition between the first and second
 xcited lev els ( 3 P 1 –3 P 2 ) at the later times because the electron
emperature is expected to gradually increase with time (Hotokezaka 
t al. 2021 ; Pognan et al. 2022a ). Although this line may be hidden
y several other lines of Os II , III , and Pd III , detecting the two lines
f Te III in future events can provide solid confirmation of the Te III
roduction in mergers. Furthermore, the ratio of these line fluxes can
e used to diagnose the electron temperature. 

 C O N C L U S I O N  A N D  DI SCUSSI ON  

he observed spectra of the kilonova AT 2017gfo exhibit a strong
mission line at 2 . 1 μm . The emission line with the lack of an
pparent blueshifted absorption feature and the strong excess from 

he continuum suggest that the emission feature is a forbidden line
xcited through electron collision. We attribute this line to the fine
tructure line, [Te III ] 2 . 10 μm , which has also been detected in
lanetary nebulae (Madonna et al. 2018 ). Note that Te is one of the
ost abundant elements in the second r-process peak. We estimate 

hat the mass of Te III is roughly 10 −3 M � to account for the observed
ine flux. 

We compare the observed spectra with a synthetic model, where 
he spectrum is composed of emission lines and a continuum 

omponent approximated by blackbody radiation. The spectrum of 
ne structure emission lines is computed with the one-zone model 
resented in Hotokezaka et al. ( 2022 ). With the solar r-process
bundance beyond the first r-process peak, T e ∼ 2000 K, and Y 

+ 2 

0.3, we show that [Te III ] 2 . 10 μm is the strongest emission line
mong M1 transitions of all the heavy elements around 10 d after
erger. Our model agrees with the observed spectra for the ejecta of

.05 M � with the solar r-process abundance pattern with A ≥ 88, an
 xpansion v elocity of 0.07 c , and electron temperature of ∼ 2000 K,
nd the ionization fraction of Y 

+ 2 ∼ 0.3. Because blackbody radiation 
ay be a poor approximation to the continuum flux around 2 μm we
MNRASL 526, L155–L159 (2023) 
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M

Figure 3. The same as Fig. 1 but the first peak elements 69 ≤ A ≤ 87 are 
included according to the solar r -process ab undance pattern. The electron 
temperature is set to be 2500 K and the electron density is twice the value 
used for Fig. 1 . While [Kr III ] 2 . 20 μm and [Se IV ] 2 . 29 μm dominate the flux, 
the wavelengths of the lines are too long to reproduce the observed feature. 
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hould keep in mind that the amount of Te III in our analysis may be
ffected by the continuum flux model. 

It is also interesting to note that the same abundance pattern can
eproduce the Spitzer 4 . 5 μm detection at 40 d (Villar et al. 2018 ;
asliwal et al. 2022 ), in which the emission is attributed to a fine

tructure line of W III (Hotokezaka et al. 2022 ). Note that, if the
ighter r-process elements are abundant, they are expected to produce
mission lines around 2 μm such as [Kr III ] 2 . 20 μm and [Se IIV ]
 . 29 μm (see Fig. 3 ). Ho we v er, the observ ed spectra peak at 2 . 1 μm ,
uggesting that these ions are less abundant relative to Te III in the
ine emitting region of the ejecta. 

Our model does not include electric dipole (E1) lines, which may
roduce strong absorption and emission lines. Recently, Gillanders
t al. ( 2023 ) suggested that 2 . 1 μm may be composed of two lines
nd an E1 line of Ce III is the best candidate producing this line
eature. Although we cannot quantify the contribution of E1 lines to
he 2 . 1 μm feature, we emphasize that the M1 emission of Te can
roduce the observed line flux with the reasonable parameters. To
erify this hypothesis we need spectral modellings with E1 lines. 

We also note that the M1 lines in our list cannot account for the
bserved feature at 1 . 6 μm . The flux in this line declines with time
s the continuum flux declines, indicating that this emission feature
ay be produced by E1 lines. Interestingly, Domoto et al. ( 2022 )

how that Ce III has several strong E1 lines around 1 . 6 μm . 
From the early blue emission in the photospheric phase, it is

uggested that the emission is dominated by the ejecta composed
f light r-process elements in order to a v oid significant absorption
y lanthanides in the optical band. Furthermore, the analyses of
he kilonova spectra in the photospheric phase lead to the similar
onclusion. The absorption feature around 0 . 8 μm is likely caused by
ne of light r-process elements, Sr ( Z = 38), or even He (Watson et al.
019 ; Gillanders et al. 2022 ; Tarumi et al. 2023 ). Domoto et al. ( 2022 )
ropose that La ( Z = 57) and Ce ( Z = 58) produce the absorption
ines around 1.2 and 1 . 5 μm , respectively. But the abundances of La
nd Ce inferred from the spectral analysis are lower than the solar
-process residuals by factor of ∼10. These indicate that the outer
art of the ejecta ( v � 0.2 c ) is predominantly composed of light
-process elements. In contrast to the early emission, our analysis
mplies that heavier elements, i.e. the second r-process peak, are
ikely more abundant in the slower part of the ejecta. 
NRASL 526, L155–L159 (2023) 
In order to obtain better constraints on the elemental abundances
nd ejecta parameters, the spectral modellings should be impro v ed
y developing non-LTE radiation transfer modellings (e.g. Pognan,
erkstrand & Grumer 2022b ) and by improving atomic data such
s the radiative transition rates (e.g. Gaigalas et al. 2019 ), collision
trengths, and recombination rate coefficients. For future kilonova
vents, the spectroscopic observations with the JWST as well as
round-based telescopes will be useful to identify more elements in
he nebular spectra with a wider wavelength range. 
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