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Figure 4. Heating rates (black) from β-decay (top), α-decay (middle), and fission (bottom) for mFE-a (left) and mFE-b (right)
with the top 11 isotopes (in different colors) that have more than 10% contributions at the maxima.
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in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of
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first named ‘SSS17a’ and ‘DLT17ck’, but here we use the official IAU 
designation, AT 2017gfo.

We carried out targeted and wide-field optical/near-infrared imag-
ing observations of several bright galaxies within the reconstructed 
sky localization of the gravitational-wave signal with the Rapid Eye 
Mount (REM) telescope and with the European Southern Observatory 
(ESO) Very Large Telescope (VLT) Survey Telescope (ESO-VST). This 
led to the detection of AT 2017gfo in the REM images of the field of 
NGC 4993, which were obtained 12.8 h after the gravitational-wave/
GRB event. Following the detection of this source, we started an 
imaging and spectroscopic follow-up campaign at optical and near- 
infrared wavelengths. Imaging was carried out with the REM telescope, 
the ESO-VST and the ESO-VLT. A series of spectra was obtained with 
the VLT/X-shooter in the wavelength range 3,200–24,800 Å, with VLT/
FORS2 (Focal Reducer/low-dispersion Spectrograph) in 3,500–9,000 Å 
and with Gemini-S/GMOS in 5,500–9,000 Å (see ref. 20 for GMOS 
reduction and analysis details). Overall, we observed the source with an 
almost daily cadence during the period 17 August 2017 to 3 September 
2017 (about 0.5–17.5 days after the gravitational-wave/GRB trigger; 
details are provided in Methods). We present here the results of the 
observations carried out in August 2017.

As described in the following, the analysis and modelling of the 
spectral characteristics of our dataset, together with their evolution 
with time, result in a good match with the expectations for kilonovae, 
providing the first compelling observational evidence for the existence 
of such elusive transient sources. Details of the observations are pro-
vided in Methods.

We adopted a foreground Milky Way extinction of E(B − V) = 0.1 mag 
and the extinction curve of ref. 21 and used them to correct both 
 magnitudes and spectra (see Methods). The extinction within the host 
galaxy is negligible according to the absence of substantial detection of 
characteristic narrow absorption features associated with its interstellar 
medium. The optical light curve resulting from our data is shown in 
Fig. 1 and the sequence of X-shooter, FORS2 and GMOS spectra is 
shown in Fig. 2. Apart from Milky Way foreground lines, the spectrum 

is otherwise devoid of narrow features that could indicate association 
with NGC 4993. In the slit, which was displaced from the position of 
the transient by 3″–10″ (0.6–2.0 kpc in projection), we detected narrow 
emission lines exhibiting noticeable structure, both spatially and in 
velocity space (receding at 100–250 km s−1 with respect to the systemic 
velocity), which were probably caused by the slit crossing a spiral struc-
ture of the galaxy (see Methods).

The first X-shooter spectrum of the transient shows a bright, blue 
continuum across the entire wavelength coverage—with a maximum 
at about 6,000 Å and total luminosity of 3.2 × 1041 erg s−1—that can be 
fitted with the spectrum of a blackbody of temperature 5,000 ± 200 K 
and a spherical equivalent radius of approximately 8 × 1014 cm. At a 
phase of 1.5 days after the gravitational-wave/GRB trigger, this indi-
cates an expansion velocity of the ejected material of about 0.2c. The 
temperature is considerably lower than that inferred from photometric 
observations about 20 h earlier (about 8,000 K)22, suggesting rapid cool-
ing. On top of this overall blackbody spectral shape are undulations that 
may represent very broad absorption features similar to those predicted 
by merger ejecta simulations16. We refrain from connecting these to the 
expansion velocity because they may be combinations of many lines 
with poorly known properties.

At the second epoch, one day later, when the spectrum covered only 
the optical range, the maximum moved to longer wavelengths, indicat-
ing rapid cooling. At the third epoch, when near-infrared wavelength 
information was again available, the peak shifted further to 11,000 Å 
and the overall spectral shape changed. This indicated that the photo-
sphere was receding, the ejecta was becoming increasingly transparent 
and more absorption lines became visible. The near-infrared part of the 
spectrum evolved in flux and shape much less rapidly than the optical 
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with Ba (Z = 56) in infrequent events, implying the existence of a site that 
produces both light and heavy r-process elements together in quantity, 
as found in some models25,26. This is consistent with our spectral analysis 
of AT2017gfo and analyses of its lightcurve27,28. Together with the differ-
ences observed in the relative abundances of r-process Ba and Sr in stellar 
spectra29, this suggests that the relative efficiencies of light and heavy 
r-process production could vary substantially from merger to merger.

Extreme-density stars composed of neutrons were proposed shortly 
after the discovery of the neutron13, and identified with pulsars three 
decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of 
an element that could only have been synthesized so quickly under an 
extreme neutron flux provides the first direct spectroscopic evidence 
that neutron stars comprise neutron-rich matter.

Online content
Any methods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-019-1676-3.
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Fig. 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data are 
shown in grey and have been smoothed slightly. Top panel, a model (solid red 
lines) consisting of a blackbody (blue dotted lines) with P Cygni profiles (red 
transparent fill) for the Sr lines. The rest (vertical black dashed lines) and 
observed (vertical blue dashed lines) positions of the model’s Sr lines are shown, 
with the blueshift indicated by arrows. Green dotted lines show the Gaussian 
emission profiles added to ensure the overall continuum is not biased. A vertical 
offset has been applied to each spectrum for clarity, with zero flux indicated by 
the dashed horizontal line segments. Bottom panels show the residuals between 
model and data.

Watson+19, Domoto+21, Gillanders+22



Available atomic data Data from the NIST ASD

Transi<ons with known wavelengths

op*cal NIR

Accurate transi<on data are highly incomplete (in par<cular NIR)



Kasen+13: Sn II, Ce II-III, Nd I-IV, Os II (Autostructure)

Fontes+17: Ce I-IV, Nd I-IV, Sm I-IV, U I-IV (LANL Suite)

MT+18: Se I-III, Ru I-III, Te I-III, Nd I-III, Er I-III (HULLAC, GRASP)

Wollaeger+18: Se, Br, Zr, Pd, Te (LANL Suite)

Kasen+17, Fontes+20: Lanthanides (I-V)

Nh Mc Ts Og

s shell p-shell

d-shell

f shell

Atomic calcula<ons for kilonova

MT+20: Z = 26-88 (I-IV, HULLAC)

Fontes+22: Ac*ndes (I-IV)



Important elements for spectral features Domoto+22
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Ca II
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   = high transi<on probability (sum rule)
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Figure 1. Left: final abundances of our L model as a function of mass number. Black circles show the r-process residual
pattern (Prantzos et al. 2020), which are scaled to match those for the L model at A = 88. Right: abundances at t = 1.5 days
as a function of atomic number. Abundances of an r-process-deficient star HD 122563 (diamonds, Honda et al. 2006; Ge from
Cowan et al. 2005; Cd and Lu from Roederer et al. 2012) are also shown for comparison, which are scaled to match those for
the L model at Z = 40.

Table 1. Mass fractions of selected elements in the L model. The top and bottom rows show the final abundances and
those at t = 1.5 days, respectively.

X(Ca) X(Sr) X(Y) X(Zr) X(Ba) X(La) X(Ce) X(Th) X(La+Ac)a

1.8× 10−2 6.8× 10−3 1.6× 10−3 6.4 × 10−2 1.5× 10−4 5.4× 10−5 3.1 × 10−5 1.8× 10−5 4.9× 10−4

1.3× 10−2 1.5× 10−2 2.0× 10−3 8.8 × 10−3 9.9× 10−5 8.5× 10−5 4.2 × 10−5 1.0× 10−5 6.7× 10−4

Note— a Sum of mass fractions for lanthanides (Z = 57–71) and actinides (Z = 89–100).

data and construct an accurate line list for the selected
ions with strong transitions. In this way, we construct a
hybrid line list that is complete for weak transitions and
accurate for strong transitions, which are important for
element identification.

2.1. Candidate species

To investigate which elements can become absorption
sources in kilonova photospheric spectra, we system-
atically calculate the strength of bound-bound transi-
tions for given density, temperature, and element abun-
dances. The strength of a line is approximated by the
Sobolev optical depth (Sobolev 1960) for each bound-
bound transition,

τl=
πe2

mec
ni,j,ktλlfl

=
πe2

mec
ni,jtλlfl

gk
g0

e−
Ek
kT , (1)

in homologously expanding ejecta. The Sobolev ap-
proximation is valid for the matter with a high ex-
pansion velocity and a large radial velocity gradient.

Here, ni,j,k is the number density of ions at the lower
level of a transition (i-th element, j-th ionization stage,
and k-th excited state), fl and λl are the oscillator
strength and the transition wavelength, g0 is the sta-
tistical weight at the ground state, and gk and Ek

are the statistical weight and the lower energy level
of a bound-bound transition, respectively. As in pre-
vious work on kilonovae (e.g., Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013), we assume local thermo-
dynamic equilibrium (LTE); we solve the Saha equa-
tion to obtain ionization states, and assume Boltzmann
distribution for the population of excited levels, which
appears in Equation 1 (see Pognan et al. 2022a for non-
LTE effects).
For the abundances in the ejected matter from a NS

merger, we use the same model as in Domoto et al.
(2021) based on a multi-component free-expansion
(mFE) model of Wanajo (2018). Here, we use the Light
(L) model as our fiducial model (the left panel of Fig-
ure 1), which exhibits a similar abundance pattern to
that of metal-poor stars with weak r-process signature
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pattern (Prantzos et al. 2020), which are scaled to match those for the L model at A = 88. Right: abundances at t = 1.5 days
as a function of atomic number. Abundances of an r-process-deficient star HD 122563 (diamonds, Honda et al. 2006; Ge from
Cowan et al. 2005; Cd and Lu from Roederer et al. 2012) are also shown for comparison, which are scaled to match those for
the L model at Z = 40.

Table 1. Mass fractions of selected elements in the L model. The top and bottom rows show the final abundances and
those at t = 1.5 days, respectively.

X(Ca) X(Sr) X(Y) X(Zr) X(Ba) X(La) X(Ce) X(Th) X(La+Ac)a

1.8× 10−2 6.8× 10−3 1.6× 10−3 6.4 × 10−2 1.5× 10−4 5.4× 10−5 3.1 × 10−5 1.8× 10−5 4.9× 10−4

1.3× 10−2 1.5× 10−2 2.0× 10−3 8.8 × 10−3 9.9× 10−5 8.5× 10−5 4.2 × 10−5 1.0× 10−5 6.7× 10−4

Note— a Sum of mass fractions for lanthanides (Z = 57–71) and actinides (Z = 89–100).

data and construct an accurate line list for the selected
ions with strong transitions. In this way, we construct a
hybrid line list that is complete for weak transitions and
accurate for strong transitions, which are important for
element identification.

2.1. Candidate species

To investigate which elements can become absorption
sources in kilonova photospheric spectra, we system-
atically calculate the strength of bound-bound transi-
tions for given density, temperature, and element abun-
dances. The strength of a line is approximated by the
Sobolev optical depth (Sobolev 1960) for each bound-
bound transition,

τl=
πe2

mec
ni,j,ktλlfl

=
πe2

mec
ni,jtλlfl

gk
g0

e−
Ek
kT , (1)

in homologously expanding ejecta. The Sobolev ap-
proximation is valid for the matter with a high ex-
pansion velocity and a large radial velocity gradient.

Here, ni,j,k is the number density of ions at the lower
level of a transition (i-th element, j-th ionization stage,
and k-th excited state), fl and λl are the oscillator
strength and the transition wavelength, g0 is the sta-
tistical weight at the ground state, and gk and Ek

are the statistical weight and the lower energy level
of a bound-bound transition, respectively. As in pre-
vious work on kilonovae (e.g., Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013), we assume local thermo-
dynamic equilibrium (LTE); we solve the Saha equa-
tion to obtain ionization states, and assume Boltzmann
distribution for the population of excited levels, which
appears in Equation 1 (see Pognan et al. 2022a for non-
LTE effects).
For the abundances in the ejected matter from a NS

merger, we use the same model as in Domoto et al.
(2021) based on a multi-component free-expansion
(mFE) model of Wanajo (2018). Here, we use the Light
(L) model as our fiducial model (the left panel of Fig-
ure 1), which exhibits a similar abundance pattern to
that of metal-poor stars with weak r-process signature

Domoto+22

Y II
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Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of

GW170817

Model

Iden<fica<on of La III (Z=57) and Ce III (Z=58) in NIR spectra

La Ce

Sr

Ca

Y, Zr

Domoto+22

Watson+19, Domoto+21, Gillanders+22

X(Ca) < 10-5 X(La) > 10-6 X(Ce) ~ 10-4X(Sr) ~ 10-2
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present study. To our knowledge, this is the first high-
resolution spectrum of HR 465 covering such a wide NIR
wavelength range. The details of the observations and data
reduction are reported by Aoki et al. (2022). The telluric
absorption lines are correlated by the spectrum of the bright
extremely metal-poor star BD+44°493, in which few absorp-
tion lines are found in this wavelength range (Aoki et al. 2022).

The top panel of Figure 3 shows the entire spectrum of HR
465 (see Figure 6 for an extended view). The spectrum is
normalized by continuum fitting for the ease of line identifica-
tion. Furthermore, the broad hydrogen absorption features are
fitted and the spectrum around those features is flattened. After
masking the wavelength ranges with strong atmospheric
absorption, i.e., the ranges between the Y, J, and H bands, as
well as artifacts from the telluric correction (gray shaded
regions without line identifications in Figure 6), we detect
strong absorption lines. Then, the detected lines are matched
with the VALD line list (Kupka et al. 1999) and the NIR line

list by Domoto et al. (2022). There are some lines with which
no known transition is matched, in particular, at shorter
wavelengths where more absorption lines exist. We keep these
lines as “unID” as they may be caused by heavy elements.
Then, we measure the equivalent widths (EWs) of the strong
lines by assuming a Gaussian profile.
Figure 4 shows the EWs for the 50 strongest transitions. It is

clearly seen that, excluding elements lighter than Fe, the
strongest absorptions in the NIR spectrum of HR 465 are
dominated by the lines of Ce III and Sr II. The bottom panels of
Figure 3 show the spectra around the six strongest transitions of
Ce III and two strongest transitions of Sr II.

4. Implications to Kilonova Spectra

We apply the knowledge from HR 465 to the kilonova
spectra. In Figure 5, we show the spectrum of HR 465 (top
panel) and the EWs of the 50 strongest transitions (bottom

Figure 3. Normalized NIR spectrum of HR 465 (top) and that around the eight strongest transitions of heavy elements (bottom). In the top panel, the 50 strongest lines
are indicated. The lines of Sr II, Ce III, and Eu II are shown in red, blue, and green, respectively. The lines of elements lighter than Fe are shown in gray. The lines
shown in black are not matched with the line lists (unID). The gray shaded regions show the wavelength ranges with strong atmospheric absorption.
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Figure 2: LIBS Spectrum of Er. The lines indicated by the blue arrows represent the lines
listed in the NIST database [2] with transition probability. The lines indicated by the red
arrows represent those given in Lawler2008 [7] with transition probability.
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Emission line of Te III (Z=52) 
at late phase (inner ejecta)

Hotokezaka, MT+ 23 

Also seen in GRB 230307A (Levan+23, Gillanders+23)

2 K. Hotokezaka et al.

near infrared region. In section 3, we conclude the results and discuss
the uncertainties and implications.

2 TE III LINE IN KILONOVA

The emission lines produced through radiative de-excitation of atoms
emerge from the optically thin region of the ejecta. The optical depth
of the kilonova ejecta with an expansion velocity of Eej and a mass
of "ej is

g ⇡
^"ej

4c(EejC)2
, (1)

⇡ 1
✓

^

1 cm2g�1

◆ ✓
"ej

0.05"�

◆ ✓
Eej

0.12

◆�2 ✓
C

10 day

◆�2
, (2)

where ^ is the opacity and C is the time since merger. The opacity
is dominated by bound-bound transitions of heavy elements and
depends on the composition and wavelengths. Tanaka et al. (2020)
show that the expansion opacity decreases with wavelength, e.g.,
⇠ 10 – 100 cm2g�1 around 0.5 `m and . 1 cm2g�1 around 2 `m.
Therefore, infrared emission lines are expected to emerge at the
earlier time than optical lines. With the ejecta parameters of AT
2017gfo, we expect emission lines to dominate over the photospheric
emission as early as ⇠ 10 days around 2 `m.

Figure 1 shows the spectral series of the kilonova AT 2017gfo from
7.5 to 10.5 days after the merger taken by X-shooter on the Very Large
Telescope (Pian et al. 2017). The observed spectra are composed of
several line features and a continuum component extending from the
optical to near infrared bands. We model the underlying continuum
spectrum by blackbody radiation, where the photospheric velocity
and temperature for 7.5–10.5 days are 0.06 – 0.082 and 1700 –
2400 K, respectively. The observed spectra clearly show an emission
line at 2.1 `m (see Gillanders et al. 2023 for a detailed analysis). The
expansion velocity of the line emitting region is⇠ 0.072 derived from
Doppler broadening of the line, which is consistent with the picture
where the emission line is produced outside the photosphere. The
line flux remains roughly constant with time while the continuum
flux declines, and thus, the line-to-continuum ratio increases from
⇠ 1 at 7.5 days to ⇠ 1.5 at 10.5 days. This development of the
emission line without a blue-shifted absorption feature indicates that
the emission at 2.1 `m is a forbidden line driven by electron collision
rather than an emission line associated with an absorption line, e.g.,
a P-Cygni line or a fluorescence line. The wavelength of the peak
of the emission line feature indeed coincides with a fine structure
line, [Te III] 2.10 `m, arising from the transition between the ground
level 3P0 and the first excited level 3P1. It is worth noting that [Te
III] 2.10 `m has been detected in planetary nebulae (Madonna et al.
2018). Note that the transition between the ground level 3P2 and the
second excited level 3P1 of Te I also produces an emission line at 2.1
`m. As discussed later, the contribution of Te I line is weaker than
Te III line.

It may not be surprising that Te III produces the strongest emission
lines because Te is among the most abundant elements in the second
r-process peak. Figure 2 shows the mass fraction of each atom at
10 days after the merger. Here we assume that the final abundance
pattern matches the solar r-process residual with atomic numbers
� > 88 (Hotokezaka & Nakar 2020), i.e., the elements beyond the
first r-process peak. With this assumption, the most abundant element
is Sr and the second most is Te at 10 days. Note also that [Te III]
2.10 `m is particularly expected to be strong as long as Te III is
abundant outside the photosphere because this line is produced by

Figure 1. Spectral series of the kilonova AT 2017gfo 7.5–10.5 days af-
ter 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 con-
tinuum emission is approximate by a blackbody with temperatures )BB =
2400, 2100, 1800, 1700 K at 7.5, 8.5, 9.5 and 10.5 days, respectively. The
electron temperature is fixed to be 2000 K. The ejecta model assumes
"ej = 0.05"� , Eexp = 0.072, and =4 = 107 cm�3 (C/9.5d)�3. We use
ionization fractions of (.+0, .+1, .+2, .>+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 � > 88 (figure 2). The shape of each
emission line is assumed to be a Gaussian profile with a broadening param-
eter of 0.072. The distance to the source is set to = 40 Mpc. The wavelength
of [Te I] 2.10 `m and [Te III] 2.10 `m is shown as a vertical dashed line.
Also shown as vertical lines are possibly strong emission lines at 10.5 day.
The gray shaded vertical regions depict the wavelength ranges between the
atmospheric windows. The wavelength of [Te I] 2.10 `m is shown with an
offset of +0.04 `m.

radiative decay of the first fine structure transition level, which is
easily excited by electron collision. For the iron peak elements, [Co
III] 11.89 `m and [Co II] 10.52 `m represent lines of the same nature.
Indeed, these are among the most prominent mid-IR lines observed
in SNe Ia and SN 1987A, respectively (Kwok et al. 2023; Wooden
et al. 1993).

Let us first give an estimate of the amount of Te III from the
observed line flux assuming that the observed line flux is predomi-
nantly produced by Te III and the ejecta is optically thin to the [Te
III] 2.10 `m line. The total line luminosity is given by

! ⇠ ⌘a10�10 51# (Te III), (3)

where ⌘a10, �10 ⇡ 2 s�1, and 51 are the excitation energy, the

MNRAS 000, 000–000 (2022)

thick

Early phase 

(absorp*on line)

Late phase 

(emission line)

M (Te III) ~ 10-3  Msun at v < 0.07 c 
=>  
M(Te) ~ 3 x 10-3 Msun  
X(Te) ~ 10-2
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Figure 1. Left: Final abundances for each model as a function of mass number. Black dots show the r-process residual
pattern used for fitting (Prantzos et al. 2020). The residual abundances are scaled to match those for the S model at A = 138.
Vertical dashed lines indicate 48Ca and 88Sr. Right: Abundances for each model at t = 1.5 days as a function of atomic number.
Abundances of an r-process-enhanced star CS 31082-001 (circles, Siqueira Mello et al. 2013) and an r-process-deficient star HD
122563 (diamonds, Honda et al. 2006; Ge from Cowan et al. 2005; Cd and Lu from Roederer et al. 2012) are also shown for
comparison purposes. The abundances of CS 31082-001 and HD 122563 are scaled to those for the S and L models at Z = 40,
respectively. Vertical dashed lines indicate Ca (Z = 20) and Sr (Z = 38).

For the abundance in the ejected matter from a
NS merger, we use a multi-component free-expansion
(mFE) model in Wanajo (2018). This model is con-
structed as an ensemble of the parameterized outflows
with constant velocity, initial entropy, and initial Ye,
which fit the r-process residuals of the solar abundances
(Prantzos et al. 2020). The ranges of velocity (in units
of c), entropy (in units of Boltzmann constant per nu-
cleon, kB/nuc), and Ye are taken to be 0.05–0.30, 10–35,
and 0.01–0.50 with the intervals of 0.05, 5, and 0.01, re-
spectively, as in Wanajo (2018). Here we consider three
models (the left panel of Figure 1): (1) a model that fits
the r-process residuals for A ≥ 88, where A is mass num-
ber, i.e., including those heavier than the first r-process
peak isotopes (A = 80–84), (2) a model that fits those
for A ≥ 69 (including the first r-process peak isotopes)
and 3% of those for A ≥ 100, and (3) a model that fits
those for A ≥ 88 and 1% of those for A < 110. Hereafter
we refer to each model as the Solar (S), Light (L), and
Heavy (H) model, respectively. Note that the S model is
the same as mFE-b in Wanajo (2018) but the r-process
residuals have been updated to those in Prantzos et al.
(2020). The L model exhibits a similar abundance pat-
tern to that of a metal-poor star with weak r-process
signature (e.g., HD122563, Honda et al. 2006; the right
panel of Figure 1). The H model represents a puta-
tive case, e.g., with a contribution from only dynamical
ejecta. Note that the minimum mass number A = 88
for the S and H models corresponds to the dominant
isotope of Sr, the element that has been measured in all

r-process-enhanced stars (e.g., Cowan et al. 2019). We
also performed the same calculations with the minimum
mass number replaced by A = 85 (excluding the first
r-peak and lighter isotopes) and 90 and confirmed that
our results are unaffected by this choice.
Although these models include the abundances with

Z = 1–110, we use only those with Z = 20–100 in our
calculations at t = 1.5 days as shown in the right panel
of Figure 1. The heaviest elements with Z ≥ 101 are
excluded because their mass fractions are very small
(∼ 10−6–10−4) and there is no atomic data for such
heavy elements. The light elements with Z ≤ 19 are also
excluded because their mass fractions are also small, an
order of 10−4, and they do not affect our results (see also
Perego et al. (2020) for the effects of lightest elements).
We summarize the mass fractions of selected elements
for our models in Table 1. The distributions of Ye for
these models are shown in Figure 2 (see also Appendix
B for the distributions of velocity and entropy). As can
be anticipated from the abundance patterns (Figure 1),
the distributions for the L and H models are dominated
by higher (> 0.3) and lower (< 0.3) values of Ye than
those for the S model.

2.2. Results

The strength of bound-bound transitions at t = 1.5
days is displayed in Figure 3. As typical values in the
ejecta (see Section 3), we evaluate the Sobolev optical
depth for the density of ρ = 10−14 g cm−3 and the tem-

X(Sr) ~ 10-2

X(Ca) < 10-5

Sr, Ca: Domoto+21, La, Ce: Domoto+22, He: Tarumi+23, Y: Sneppen+23, Te: Hotokezaka+23

X(He)  
~ 10-3

X(La) > 10-6

X(Ce) ~ 10-4

X(Y) ~ 10-3 - 10-2

Figure from Domoto+21

Unique constraints also on the physics of NS mergers

X(Te) ~ 10-2



Exploring the origin of heavy elements 
with mul<messenger astronomy

• Neutron star mergers, heavy elements, and kilonovae 

• Decoding signals from kilonovae 

• O4, O5, and beyond
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
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Event rate of NS mergers at < 40 Mpc 
~ 1 event in 30 years 

(see Asano-san’s talk)

Need to observe NS merger events at larger distances! 
d = 100 Mpc => volume x 10   (1 event in 3 yr) 

   d = 200 Mpc => volume x 100 (1 event in 0.3 yr)



Op<cal/IR follow-up observa<ons 
J-GEM: Japanese Collabora*on for Gravita*onal Wave ElectroMagne*c Wave Follow-up

○ Kiso Schmidt telescope (1.05m, Tokyo)  

○/● Kanata telescope (1.5m, Hiroshima)  

○ Nayuta telescope (2m, Hyogo) 

○ MITSuME telescope (0.5m, TItech , NAOJ) 

● OAO-WFC(0.91m, NAOJ) 

○ Seimei telescope (3.8m, Kyoto) 

□ 32m radio telescope (Yamaguchi)

○/● Subaru (8.2m, NAOJ)@Hawaii

● TAO (6m, Tokyo) 

□ ASTE (10m, NAOJ) @Chile

○ HinOTORI (0,5m, Hiroshima)@China

● IRSF telescope (1.4m,Nagoya)@South Africa

○ MOA-II (1.8m), B&C (0.61m)    

    (Nagoya)@New Zealand

○ Optical    ● Infrared    □ Radio



Subaru (north) TAO (south)

Upgrades for spectroscopic observa<ons

NINJA SWIMS

 (C) NAOJ/U. Tokyo
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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of

Con*nuous spectra opening 
the atmospheric windows 
(5500 m al*tude!)

High sensi*vity observa*ons 
with (laser tomography) 
adop*ve op*cs 
=> fainter objects



• Mul<messenger observa<ons of NS mergers 

• Kilonovae: probe of heavy element nucleosynthesis 

• Progress in decoding spectral features of kilonovae 

• Sr II (or He I), Ce III, La III, Y II, Te III have been suggested 

(more works in progress) 

• Future 

• More events with different masses and different line of sights 

=> Comprehensive pictures of NS mergers 

• Op*cal/IR follow-up: upgrades for spectroscopic facili*es

Summary


