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Half of all of the elements in the Universe that are heavier thaniron were created by
rapid neutron capture. The theory underlying this astrophysical r-process was worked
outsix decades ago, and requires an enormous neutron flux to make the bulk of the
elements’. Where this happens is still debated?® A key piece of evidence would be the
discovery of freshly synthesized r-process elements in an astrophysical site. Existing
models®® and circumstantial evidence® point to neutron-star mergers as a probable
r-process site; the optical/infrared transient known as a ‘kilonova’ that emergesin the
days after amerger is alikely place to detect the spectral signatures of newly created
neutron-capture elements’®. The kilonova AT2017gfo—which was found following the
discovery of the neutron-star merger GW170817 by gravitational-wave detectors'*—was
the first kilonova for which detailed spectra were recorded. When these spectra were
first reported™?, it was argued that they were broadly consistent with an outflow of
radioactive heavy elements; however, there was no robust identification of any one
element. Here we report the identification of the neutron-capture element strontium in
areanalysis of these spectra. The detection of a neutron-capture element associated
with the collision of two extreme-density stars establishes the origin of r-process
elements in neutron-star mergers, and shows that neutron stars are made of neutron-

rich matter®.

The most detailed information yet available for akilonova comes froma
series of spectra of AT2017gfo taken over several weeks with the medium-
resolution, ultraviolet (320 nm) to near-infrared (2,480 nm) spectro-
graph X-shooter, mounted at the Very Large Telescope at the European
Southern Observatory. These spectra™?allow us to track the evolution
of the kilonova’s primary electromagnetic output from 1.5 days until
10 days after the event. Detailed modelling of these spectra has yet to
be done, owing to limited understanding of the phenomenon and the
expectation that a very large number of moderate to weak lanthanide
lines with unknown oscillator strengths would dominate the spectra™*.
Despite this expected complexity we sought to identify individual ele-
ments in the early spectra, because these spectra are well reproduced
by relatively simple models™.

Thefirst-epochspectrumcanbe reproduced over the entire observed
spectral range by using asingle-temperature blackbody with an observed
temperature of approximately 4,800 K. The two major deviations short

of 1 um from a pure blackbody are due to two very broad absorption
components (with widths of roughly 0.2c, where cis the speed of light).
These componentsare centred atabout 350 nm and 810 nm (Fig.1). The
shape of the ultraviolet absorption component is not well constrained
becauseit lies close to the edge of our sensitivity limit and may simply
be cut offbelow about 350 nm. The presence of the absorption feature
at 810 nm in this epoch has been noted previously™,

The fact that the spectrum is very well reproduced by a single-tem-
perature blackbody in the first epoch suggests a population of states
closetolocal thermal equilibrium (LTE). We therefore use three separate
methods of increasing complexity first to determine, without too many
assumptions, the most likely origin of the spectral features, and then to
self-consistently model and test our conclusion. These three methods
are: first, our own LTE spectral-synthesis code; second, the LTE line-
analysis and spectrum-synthesis code MOOG; and third, the moving-
plasmaradiative-transfer code TARDIS” (see Methods). We use a variety
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Fig.1|Spectrum of the kilonova AT2017gfo, showing broad absorption
features. The spectrum shown was taken with the spectrograph X-shooter1.5
days after the neutron-star merger GW170817. The dashed black line in the upper
panelis the blackbody component of ablackbody model with broad absorption
lines (see main text). The residuals of data minus blackbody are showninthe
lower panel, with the dashed grey line indicating the louncertainty on each
spectral bin. The datain the sections overplotted with grey bars are affected by
telluric features or are poorly calibrated regions and are not included in the fit.
F,isthe flux perunitwavelength.

of spectral-linelists for these codes, all of which yield consistent results.
Forour own LTE code, we adopt afiducial temperature of 3,700 K, which
isour final model’s best-fit temperature corrected by the Doppler factor
(-0.23) of the absorption features that we determine below; changing
the temperature of our LTE modelin the range 3,700-5,100 K does not
markedly affect our results.

To identify the absorption features, we seek lines with wavelengths
blueshifted by 0.1-0.3c, corresponding approximately to 390-500 nm
and 900-1,160 nm in the rest frame (see Methods). The lines will also
be broadened with an observed width that depends on the velocity
and geometry. For spherically expanding ejecta, the line broadening
will be similar to the expansion velocity of the gas. We do not attempt
adetailed geometric model here because it depends on assumptions
aboutthe geometry of the gas and the wavelength-dependent opacity,
with substantial relativistic and time-delay corrections.

We adopt an initially agnostic view of the expected abundances. We
usesolar r-process abundance ratios (the total solar abundances of heavy
elements®with s-process elements subtracted”), as well as abundances
from two metal-poor stars that are old enough to be dominated by the
r-process in their neutron-capture abundances®*?. These three sets
spanawiderange intheir ratios of light-to-heavy r-process abundances
(Fig.2). We also produce absorption spectra for each element individu-
ally (Extended Data Figs.1, 2).

Our LTE models using abundances fromasolar-scaled r-process and
metal-poor stars all show that Sr produces a strong feature centred
at an observed wavelength of roughly 800 nm, as well as features at
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wavelengths shorter than around 400 nm, for our adopted blueshift
(Fig. 3; see also Extended DataFig. 3). The restframe wavelengths of the
longer-wavelengthfeaturesare1,000-1,100 nm. Itis worth noting that
Sristypically considered an s-process element because only about 30%
of the cosmic (solar) abundance is produced by the r-process™?. For
this reason it has not always been considered in kilonova simulations.
However, it is one of the more abundant r-process elements, account-
ing for at least afew per cent by mass of all such elements'. Of all of the
r-process elements, Sr displays by far the strongest absorption features
in this region of the spectrum (Extended Data Figs. 2, 3). Ba produces
strong absorption, as do the lanthanide elements, but only in the optical
region at wavelengths shorter than about 650 nm. The spectral features
that we observe can therefore only be due to Sr, an element produced
near the first r-process peak.

The 810-nm feature was previously proposed™ to originate in absorp-
tionfrom Cs1and Te . Thisidentification can now be ruled out, because
neither Cs1nor TeIproducesstrong linesina plasma at this temperature
(Extended DataFig.3). Much stronger lines would be expected from the
ions of other elements that are co-produced with Cs (atomic number
Z=155) (for example, the lines from La 11; see Methods).

The most abundant r-process elements are those in the first peak
(Fig. 2)—elements with mass numbers (4) of around 80—and of these,
itisSr,Y(Z=39)and Zr (Z=40) that are easily detected in alow-density,
roughly 4,000-K thermal plasma, because these elements have low exci-
tation potentials for their singly charged ions. Seen in this context, the
detection of Srin AT2017gfois not surprising, despite prior expectations
that the spectrawould be dominated by heavier elements'*?. Further-
more, the atomic levels in Sr that give the absorption lines observed at
810 nm are metastable. Photo-excitation can increase the population
inthese states, strengthening the 810-nm feature markedly® compared
withthe resonanceblue/near-ultraviolet absorption lines. Baand the lan-
thanide series contribute substantially to the total opacity of r-process
material in the optical region of the spectrum (Fig. 2), yet we do not
detect strong optical features. We cannot on this basis, however, easily
exclude the presence of elements with mass numbers of more than140
or so. Evenif we could exclude the presence of heavier elements in the
outer layers of the thermal, expanding cloud, there is no way fromthese
early spectra of excluding the possibility that such elements could exist
atlower depths or in an obscured component.

Given that a simple r-process abundance LTE model can account
wellfor the first-epoch spectrum, we expand it to the subsequent three
epochs, while the kilonovaiis still at least partially blackbody like. With
afreely expanding explosion we expect to begin observing P Cygni
lines once the outer absorbing ‘atmosphere’ begins to become more
optically thin and attain a substantial physical radius with respect to
the photospheric radius. We fit the first four epochs as a blackbody
with P Cygni lines from Sr. We fit only the strongest lines in order to
reduce our computational time to a manageable level, as these lines
provide most of the opacity at these wavelengths. These fits are shown
in Fig. 4 and offer a compelling reproduction of the spectraat all three
epochs. The P Cygni model has free parameters for the velocities of the
photosphere and atmosphere, which change the shape of the profile.
The fitis remarkable given its simplicity and our lack of knowledge of
the system geometry. We note that P Cygni emission components are
always centred close to the rest wavelength of the spectral lines, so
the observed wavelength of the emission line is not a free parameter.
The most prominent emission component observed throughout the
spectral seriesis centred close to1,050 nm, and the weighted restframe
centre of the near-infrared lines from Sr is also 1,050 nm. This adds to
our confidence in the line identification based on the simple thermal
r-process absorption model.

We further confirmour results using TARDIS (‘temperature and radia-
tive diffusionin supernovae’), extending this code’s atomic database to
include elements up to ,U by using the latest Kurucz line list** with its
2.31 million lines. Our TARDIS models produce results very similar to
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Fig.2|Abundances of elements produced by the r-process. Relative r-process
abundances (¢) normalized to the Baabundance are shown for the Sun and for
two metal-poor stars—one, CS 22892-052, richin heavy r-process elements®-?,

our static-code models, reproducing the spectra well (Extended Data
Fig. 6). In particular, the P Cygni emission/absorption structure is well
reproduced as expected, confirming our LTE and MOOG modelling,
and showing Sr dominating the features around 1 pum.
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and the other, HD 88609, rich in light r-process elements®. These are the
abundances of the elements used in the inset of Fig. 3.

Given our detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonovaemission spectrum. Observations of abundancesinstarsin
dwarfgalaxies®suggest that large amounts of Sr are produced together

based onthelinesformedinagasinlocal thermalequilibriumwitha
temperature of 3,700 K and an electron density of 10’ cm™, broadened by 0.2¢

and blueshifted by 0.23c. The spectrum produced by asolar r-process
abundanceratiois plotted asasolid line. Contributions due to Sr (red dashed

Fig.3|Thermal r-process-element transmission spectrum. These spectraare
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line), Baand the lanthanides (green dashed line) and the remaining r-process
elements (blue dashed line) are also shown. Inset, spectraresulting fromasolar
r-process abundance ratio (solid line), and from the abundance ratios of the
metal-poor stars HD 88609 (dashed line)*° and CS 22892-052 (dash-dotted

line)®-32,
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Fig.4|Spectral series of AT2017gfo 1.5-4.5 days after the merger. Dataare
showningrey and have been smoothedslightly. Top panel,amodel (solid red
lines) consisting of ablackbody (blue dotted lines) with P Cygni profiles (red
transparent fill) for the Srlines. Therest (vertical black dashed lines) and
observed (vertical blue dashed lines) positions of the model’s Sr lines are shown,
with the blueshiftindicated by arrows. Green dotted lines show the Gaussian
emission profilesadded to ensure the overall continuum is not biased. A vertical
offset has been applied to each spectrum for clarity, with zero fluxindicated by
the dashed horizontal line segments. Bottom panels show the residuals between
modeland data.

withBa (Z=56) ininfrequent events, implying the existence of asite that
producesbothlight and heavy r-process elements together in quantity,
as found insome models®?*. This is consistent with our spectral analysis
of AT2017gfo and analyses of its lightcurve”?, Together with the differ-
encesobservedintherelative abundances of r-process Baand Srinstellar
spectra®, 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 neutron®, and identified with pulsars three
decades later®. 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.
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Methods

Spectral synthesis

We used different codes to compute synthetic absorption spectra,
namely MOOG'***v. 2014 and our own single-temperature and single-
density LTE code. In addition, we verified our results using the TARDIS
supernovaspectral synthesis code. For the first two codes, we used line
lists gathered fromtheliterature (see Supplementary Information). For
the TARDIS modelling, we used the line lists of Kurucz?*. Our codes yield
consistent results with the different line lists.

MOOG is a synthetic spectrum code normally used to generate
synthetic absorption spectra of photospheres in cool stars under the
assumption of local thermodynamic equilibrium. It requires a model
atmosphere that dictates how temperature, gas pressure and electron
density behave in different layers of the surface gas. Here we adopt
Kurucz modelatmospheres®. The second requirementis a line list that
containsthe rest wavelength of the absorption transition, the element
orionin which the transition takes place, the excitation potential of
the lower level, and the oscillator strength. The atomic data are based
onrefs. ***° with updates from the National Institute of Standards
and Technology (NIST). The strengths of the absorption features are
calculated solving radiative transfer equations with a plane parallel
treatment of the atmospheres, assuming that the velocity distribution
isMaxwellian, and that excitations and ionizations are described by the
Boltzmann and Saha equations, respectively. The line/wing damping
follows ascaled Unsold approximation and the source function follows
asimple blackbody, while scattering (on H, He and e”) enters mainly
through opacity terms.

Our own code assumes only agas in LTE without scattering, and that
the Boltzmannand Saha equations can be used to obtain the ionization
and excitation state of each element individually. We then use the line
lists above and level information from NIST to determine the relative
strengths of the lines. We adopt afiducial electron density of logn.=7.8,
based on the mean density of 0.04M, (where M, is the mass of the Sun)
of singly ionized material in a sphere with the area of the best-fit black-
body. The density of the atmosphere is almost certainly lower than this.

Demonstrating that the MOOG models and our LTE calculations are
reasonably comparable, for the MOOG models an effective temperature
(T, at the surface of the photosphere of roughly 5,500 K and a surface
gravity of log =0 (following the temperature and density profilesin the
Kurucz model atmospheres) give rise to atemperature of 3,800 K and
anelectrondensity of n,=10” cmwithin the photosphere. Absorption
lines from lanthanide ions are believed to be an important source of
opacity owing to transitions with unknown oscillator strengths. For an
LTE plasma, itis likely that such lines areimportant and create acomplex
continuum®™? However, the lanthanide opacity is extremely high in the
ultraviolet and blue regions of the spectrum. The fact that we detect blue
emissioninthe spectrum of AT2017gfo is already astrongindication that
lanthanide elements do not dominate the early-continuum spectrum, as
suggested previously*"*2, Furthermore, the infrared feature arises from
levels that may be overpopulated owing to optical pumping, enhancing
the strength of this feature further with respect to the line-generated
continuum at these wavelengths.

Synthetic spectraare generated using both codes on the basis of line
lists containing r-process elements capable of producing strong features
in an LTE plasma at these temperatures. We include all elements from
13As up to gBi, as well as 4, Th and ,,U. We do not include the elements
155€, 36Br, 5,KT, 531 and s, Xe as they produce no strong or moderate lines
atthese temperatures and are rarely detected instellar spectra®; these
elements have first excitation energies above 5.97 eV for their neutral
and singly charged ions, giving a fractional population less than 107
at our fiducial temperature. Neither do we include elements with no
stable isotopes (,;Tc and ¢,Pm), or any molecules. The absorption-line
profiles are dominated by the velocity and density distribution of the
expanding atmosphere.

Our linelists contain the strongest lines for LTE spectra at these tem-
peratures. Because we are interested in finding strong, isolated lines,
this procedure should effectively capture all lines that could realistically
be candidates.

Could large numbers of weak lines dominate the opacity?

The opacity of the kilonova is dominated by absorption lines. The list
of lines that we use for MOOG (see references above) has most of the
strong lines in common with the Kurucz list* that we use for the TARDIS
modelling. The results we retrieve from the different techniques and
line lists are a useful check on the robustness of the modelling meth-
odologies. Both methods yield consistent results, indicating that the
overall result presented here is robust to the selection of the specific
line list and the modelling method chosen. We note that a feature at
about 810 nm is also produced in the spectral synthesis analysis of
ref.™, where lists comprising known lines are also used. This feature
(M. Tanaka, private communication) is produced primarily by the same
Sr 11 lines we identify in this work.

The major caveat in identifying line features is the possibility that
missing lines could have alarger influence on the broad spectral shape
than the predicted effect from known lines. Of particular concern are
thelarge numbers of unknown lines from the lanthanide elements that
are likely to dominate the line-expansion opacity***. Although we argue
here that our line lists are reasonably complete in strong lines at these
temperatures and densities (and given that they are used for model-
ling stars with similar temperatures and densities, this makes sense),
itis possible thataverylarge number of weaker lines could contribute.

However, the line-formingregion of the kilonovais likely to be physi-
cally extended, covering a substantial fraction of the kilonova radius,
particularly in the near-infrared. The presence of a P Cygni profile at
around 1 pm supports the idea that a substantial volume (though not
mass) of the kilonova must be largely optically thin at this wavelength.
The mass absorption coefficient of the Sritlines at around 1.05 pum peaks
atabout4 x10°cm?g*for lines with a full width at half maximum (FWHM)
of 0.01c, a temperature of 5,000 K and a density of 10 g cm™. This is
at least two orders of magnitude higher than the mean value obtained
for lanthanides such as Ce and Nd in the optically thin limit using the
Kuruczlinelists. Given that the line lists for these elements are likely to
be highly incomplete at these wavelengths, we extrapolate the value
of the Ce line opacity of the Vienna Atomic Line Database (VALD) lines
at 9,000 A to be roughly 1.05 um, which should give a similar opacity
to the line lists calculated in ref. 2 with the autostructure code. When
the lines are extremely optically thick, within the bulk of the kilonova
inthefirst days, the Ce opacity isabout 10 cm*g™ (compare with ref. ).
Inthe optically thin regime in the outer layers, the Ce line opacity rises
by about two orders of magnitude. Using this optically thin extrapola-
tion of the Ce lines, the Sr 11 opacity is still a factor of four to five times
higher, not including abundance effects that are likely to make the Sr
line stronger still. We show an example of this effect by calculating the
expansion opacity for alow-optical-depth plasma in Extended Data
Fig. 5. That calculation is purely illustrative, showing how the Sr lines
can dominate the opacity when the gas has low optical depth. For a
self-consistent model calculation, see the TARDIS model spectrain
Extended Data Fig. 6.

Spectral modelling

Inthe spectraweidentify what appear to be two separate emission com-
ponents: first, a nearly blackbody spectrum modified by absorption
features that appears to cool over time; and second, an emission com-
ponentat redder wavelengths thatincreases in strength relative to the
first component with time. These two components do not necessarily
arise because of discrete ejection mechanisms, but may reflect the fact
that different parts of the spectrum probe different physical depths and
thus physical conditions, through the wavelength-dependent expansion
opacity®*¢. Here we focus only on the thermal component in the blue part
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ofthe spectrum and model it as ablackbody with an extended envelope.
We model the second component with Gaussian emission linesin order
not to bias the overall continuum fit at shorter wavelengths, but do
notinterpret them. However, these features clearly provide important
information on the composition of the plasma and must be addressed
in future studies.

The expansion velocity of the gas canbe inferred from the expansion
of the blackbody from the time of the explosion. Owing to the optical
thickness of a blackbody, we would only be presented with the front
face of the explosion. Consequently, pure absorption features in the
spectrum should be blueshifted by the mean Doppler shift induced by
the expansion speed of the gas. Conservatively, we allow 0.1-0.3c as
the range of the blueshift™**8, a value that depends on the details of
the geometry of the system, and thus we restrict our search for lines
inthefirstepoch to rest wavelengths of 350 nm and 810 nm multiplied
by1.1-1.3.

At the densities of the ejecta, the dominant source of opacity is
expansion opacity®?, This effect is able to establish an apparent ther-
malization through photo-equilibration of the states*’. With wavelength-
dependentopacity, the physical depth traced at each wavelength varies.
Because the large majority of lines are at the blue end of the spectrum,
the expansion opacity there will be higher and, conversely, the physi-
cal depth shallower. This causes the relative strength of ultraviolet/
near-infrared lines to change compared with the pure LTE transmis-
sion values, with bluer absorption lines being less prominent relative
to near-infrared ones. Additionally, because the population of states
is photo-equilibrated, metastable states will be enhanced relative to
non-metastable, as compared with LTE values?. It is therefore impos-
sible, primarily because of the strongly wavelength-dependent opacity,
to use a simple comparison of LTE line strengths across very different
wavelengths. Instead, we use independent optical depth parameters (7)
for the two absorption feature fits here. We also use the TARDIS code
(see below) to achieve a more self-consistent treatment with moving
atmosphere, line-expansion opacity, which shows the simultaneous
presence of the Sr 11 features at around 0.4 pm and 1 pm.

P Cygni modelling

The expansion velocity of the photosphere is very high (0.2-0.3¢). At
the measured temperature of the photosphere, the thermal widths
of individual lines are very narrow compared with the gross velocity
structure. This means that the resonance region is very small and the
Sobolev approximation canbe usedin the Elementary Supernova model
as a prescription for the absorption structure near isolated lines?. We
use the implementation of the P Cygni profilein the Elementary Super-
nova from https://github.com/unoebauer/public-astro-tools, where the
profile is parametrized in terms of the rest wavelength, A,, the optical
depth of the line, 7, two scaling velocities for the radial dependence of
7,the photospheric velocity, and the maximal velocity of the ejecta. The
latter two parameters specify the velocity stratification. The expansion
velocity of the photosphere is simultaneously used for the relativistic
Doppler correctionto the blackbody temperature. Inaddition, because
the implementation of the P Cygni profile that we are using does not
include the relative population of the states in the transition, we have
included a parameter for enhancement/suppression of the P Cygni
emission component.

For practical reasons, we cannot fit all lines simultaneously. However,
fortunately, ahandful of lines provides most of the opacity. Because the
relative opacity dictates the apparent strengths of the lines, we divide
the spectrum into ultraviolet/blue and red/infrared regions to find
the lines that will be strongest in their respective spectral region. We
do this because the opacity changes so severely from the infrared to
the optical (Fig. 3). We make the division at 600 nm where the opacity
increases sharply; however, choosing 550 nm or 700 nm makes no dif-
ference. We theninclude the strongest lines in each region (all lines with
aminimum strength of 20% of the strongest line). The resulting lines are

the strong resonance lines from the ground state of Sr 11 at 407.771 nm
and 421.552 nm, and the lines from the Sr 11 4p®4d metastable states at
1,032.731nm, 1,091.489 nm and 1,003.665 nm. These lines are all mod-
elled using the same P Cygni profile prescription, where the relative
strengths of each of the lines in the two absorption complexes are set
by the LTE relations, and despite the relative simplicity of the analysis,
this approach provides a surprisingly good fit to the data.

The final model that we use tofit the spectrum s arelativistically cor-
rected blackbody photosphere absorbed by an expanding atmosphere,
containing the five above-mentioned Sr 11 transitions, described by
independent optical depths for the infrared and ultraviolet lines. The
ratios of thelines internally in each set are defined by their LTE strengths.
Inthe fitting model we also use two additional Gaussian emission lines
atlongwavelengths from the second emission componentin order not
to bias the long-wavelength continuum fit. The best-fit parameters and
their associated errors are found by sampling the posterior probability
distributions of the parameters, assuming flat priors on all parameters.
The fitting framework used is LMFIT*® and the sampling is done using
emcee®. We initiate 100 samplers, each sampling for 1,000 steps. We
discard the first100 steps as aburn-in phase of the Markov chain Monte
Carlo (MCMC) chains. We use the median of the marginalized posterior
probability distribution as the best-fit values, and the 16th and 84th
percentiles as the uncertainties. The best-fit models are shownin Fig. 4.
The objective function, being highly nonlinear, causes the posterior
probability distributions to be highly complex and the best-fit values
difficult to optimize. However, the peaks of the distributions are well
centred, meaning that the best-fit values are well constrained, regardless
of the complexity of the posterior probability distribution.

Expansion velocity evolution

The fits constrain two independent parameters that can be used to
infer the velocity of the ejected material: the photospheric expansion
velocity, used to determine the width of the P Cygniline profile; and the
blackbody radius, which scales with the square root of the observed
luminosity and can be converted to an expansion velocity on the basis
of the time of observation. These two parameters are uncorrelated, as
supported by the MCMC posterior probability function samples, and
therefore constitute two independent measurements of the same physi-
cal quantity. We show aplot of the evolution of these two parametersin
Extended Data Fig. 4. The correspondence between the two estimates
of the expansion velocity is striking, especially given that the ratio of
the estimatesis geometry dependent, and we have assumed only simple
spherical symmetry here. Only the first epoch shows a somewhat dis-
crepantvalue, and there we do not expect a P Cygni model to be entirely
applicable. This close correspondence between the two independent
measures and the reasonable valuesinferred further supports the valid-
ity of the line identification and the overall model.

TARDIS modelling

TARDIS" is a Monte Carlo radiative-transfer spectral synthesis code,
in which photons are essentially propagated through an expanding
atmosphere. Each photon will at any point have a probability of being
absorbed by an atomic transition, this probability being based on the
wavelength of the photon, the strength of the line, and the density of
atomic species and electron populations. A synthetic spectrum can then
be constructed by collecting the emergent photons.

To generate the synthetic spectra using TARDIS, we set up the physi-
calmodels using the inferred photospheric expansion velocities at the
observed epochs. For homologously expanding ejecta, the velocities
of the atmosphere layers are at all times specified by the outer-edge
expansion and the photospheric expansion. We use the measured photo-
spheric expansion velocity as theinner expansion velocity and select the
outer atmospheric velocity such that the bluest edge of the developed
absorption profiles in the synthetic spectra match the observed ones.
Atpresent, TARDIS supports only spherically symmetric explosions, so



for simplicity we adopt this geometry. The kilonova ejecta are in most
cases likely to be asymmetric, owing to the preferential motion of the
mass in the plane of the orbit of the two neutron stars. The neglect of
deviation from spherical symmetry most likely affects the absorption
profilesand theinferred massin the atmosphere, as we could potentially
only be seeing ejecta in a cone. Additionally, TARDIS assumes a single
photospheric velocity across the entire wavelength range. Owing to the
strong wavelength dependence of the opacity, as discussed earlier, the
depth at whichthe photons escapes varies across the spectral coverage.
Therefore, the same reservations aboutinferring the massinagiven shell
atagivenwavelength applies to the TARDIS simulations. This can be seen
in effect when choosing an ejecta density that matches the absorption
feature at 350 nm, because then the strength of the 810-nmabsorption
featureis greatly overpredicted. Conversely, selecting an ejecta density
that matches the 810-nm absorption feature underpredicts the strength
ofthe 350-nm absorption.

Ateachepoch, the temperature of the photosphereis chosen so that
an atmosphere with no lines returns a blackbody-like spectrum that is
similar to the best-fit blackbody found in simple P Cygni model fits.
Both the excitation and the ionization structure of the elements in the
atmosphere are set according to LTE, where we assume for simplicity a
constant temperature throughout the atmosphere. This approach does
not capture optical pumping of metastable states and other non-LTE
effects that will change the population of the upper levels.

For theinputabundances, we use the solar r-process abundanceratio
asshowninFig. 2, starting from ;;,Ga. We runthe simulationin three steps,
consecutively including heavier elements. For the first set of simula-
tions, weinclude only the elements from ;,Gato ;,Rband, ascanbe seen
inFig. 2, no lines cause a substantial deviation from a pure blackbody.
Next we include ;sSr, which forms the strong feature observed centred
at810 nminthe firstepoch, almost exclusively owing to the three strong
Sriilinesataround1pum.Finally we runthe same simulation, including
allelements from ;,Gato ,,U. The feature at 810 nm s unaffected by the
inclusion of the heavier elements.

For the density, we initially adopt a power-law density structure of
the ejecta, parametrized in terms of velocity and epoch: p(v,t) = po(t
o)*(v/v,)". We find that the line shapes depend on the assumed slope,
where for steeper slopesalarger fraction of the line absorptionis closer
to the line centre. We specify a density profile of n=-3, as in ref. %, as
this supported by the theoretical models and seems to reproduce the
absorption profiles relatively well. As also investigated in ref. >, there is
some freedom in the choice of slope, as it is not well constrained from
amodelling perspective and could have different values depending on
the matter-ejection mechanism.

Adopting asingle p,across all four epochs, withn=-3, does not yield
synthetic spectrathat matchthe observed spectrawell around the 810-
nm ,Srabsorption feature across the epochs. If p,is chosen to reproduce
the strength of the ;sSrabsorption feature of the first epoch, the strength
of the absorption feature is greatly overpredicted in the later epochs
using the same composition and assuming homology; the ejecta den-
sity has to be scaled down by a factor of five in the subsequent epochs
to match the spectrum. In other words, the observed mass of Srin the
optically thin part of the spectrum inferred from the TARDIS model
for the first-epoch spectrum appears to be much larger than for the
later epochs. Specifically, atmosphere masses of 5x10° M,, 1x 10~ M,,
1.2x107°M,and 1.3 x107 of ,xSr are required to reproduce the observed
absorption feature at 810 nm for the first four epochs respectively.

These numbers should be treated with some caution as these are
derived masses assuming spherical symmetry, a fixed photospheric
velocity, and no correction for light travel time effects. They must be
interpreted as lower limits to the total amount of material ejected, as
they trace only the matter between the photospheric front and the outer
atmosphere. Using the assumed solar abundances, these masses cor-
respond to this atmosphere having approximately 1% of the total ejecta
massinferred from lightcurve modelling®.

The TARDIS models also constrain the amount of the heavier r-process
elements presentinthe outer, transparent layers of the ejecta. Using the
solar r-process abundances with the inclusion of the heaviest elements,
the TARDIS synthetic spectra exhibit almost continuous absorption up
toaround 6,000 A, whichis not seenin the observed spectra. This point
was also touched upon earlier. The exact limit to the amount of heavy
r-process material in the outer layers is difficult to infer accurately, on
the basis of the simple models used, but our modelling indicates that the
ratio of heavy to light element abundance in this layer is much smaller
than the solar r-process ratio. This conclusion is consistent with the
inference made by other authors on the basis of the early blue colour
of the continuum spectrum*+2,

The inability of a single composition and density to reproduce the
spectraacross the first four epochs may hint at achange in the elemental
abundance ratios as the photosphere recedes further into the ejecta.

The TARDIS models demonstrate that an isolated feature observed
at 810 nm can be produced by Sr and that no other known lines form
this feature. Additionally, the models hint at a possible variationin the
abundances asthe deeper layers of the ejectacomponent are exposed,
inline with what is suggested by some models of neutron-star mergers™.

Exclusion of Cs1and Te1identification

The Cs16s-6presonance transitionswould of course require Cs1tobe
presentin the gas. But because Cs has the lowest firstionization poten-
tial of any element, the singly chargedions of other elements inevitably
synthesized with Cs, such as La 11, Eu 11 and Gd 11, are millions of times
more abundant than Cs1inan LTE plasma at close to the observed black-
body temperatures. This problem is even worse at temperatures that
produce substantial strong lines from Te 1. These other elements will
cause absorption lines that are at least two orders of magnitude stronger
in the same wavelength region as the proposed Cs and Te lines—for
example, the 706.62 nm, 742.66 nm or 929.05nm lines of La11, Eu11and
Gdirrespectively, to name one of each. The same argument holds for the
excited-state transition of Te 1, which has a very high excitation energy
of 5.49 eV; the relative population of the Te I excited state is extremely
low, less than 107”. Thus, no realistic scenario exists in which lines from
either of these species can be detected without being dominated by lines
from other elements that are orders of magnitude stronger.
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Extended DataFig.1|Synthetic r-process-element transmission spectra.
These spectrawere generated using MOOG, in which the relative abundances
arebased onsolar r-process abundances. The spectra were blueshifted,
broadened and normalized asin Fig. 3. The solid black line is the total
transmission spectrum for an atmosphere containing all the r-process elements
(33As to,U). The dashed black line is the same spectrum, but including only the
light r-process elements (5;As to 5sCs). The contributions from different subsets

1.0 - —— P —————————
. %o ¢" ” . n S i
: . . ‘-‘._.......*-‘-.----
. Y
0.8 -

x /

c 0.6 S 4

.S .' 4

8 3 ,’

= - /7

0.4 : /
’ . ¥
= i
- i
= i
- i
. ’l e All 7-process elements (33As—g2U)
2 i = == Light r-process elements (33As—55Cs)
: Il snass gpBA—gal)
:: II IERR R 33AS—55CS (no 385|’)
._,' V4 sasas 3SSr
0.0 <
T T T T T
4000 6000 8000 10000 12000
Observed Wavelength (A)

of speciesarealsoshown. The green dotted line shows the heavy r-process

elements (s,Bato,,U); the blue dotted line shows the light r-process elements
(33As—55Cs) excluding Sr,which is shown as ared dotted line. This plot shows how
Srstands outinabsorption, regardless of the composition of the material. The
normalization is arbitrary and different to the LTE equivalentin Fig. 3 for display

reasons.



Article

1.0

0.8 1

385I’ 65Tb

5 5 — 39Y 66Dy
@ — 40Zr —— ¢7Ho
§ —— uNb  —— gEr
s —— ;Mo goIm
— s 44Ru 70Yb
0.4 —— 45Rh 71lu
— 46Pd 7o Hf
—— 56Ba 73 Ta
— s7la 7aW
— 58Ce 77|I’
0.2 7 ——— 59Pr Pt
—— 625m 92U

—— e3ku — 33As—g2U

0.0 - — 64Gd - = 33As—5;Cs

| | |
8000 10000 12000

Observed Wavelength (A)

Extended DataFig.2|Synthetic r-process transmission spectra. The spectrawere generated with MOOG and are similar to those shownin Extended DataFig.1,
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