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A B S T R A C T 

The kilonova (KN) associated with the binary neutron star (BNS) merger GW170817 is the only known electromagnetic 
counterpart to a gravitational wave source. Here we produce a sequence of radiative transfer models (using TARDIS ) with updated 

atomic data, and compare them to accurately calibrated spectra. We use element compositions from nuclear network calculations 
based on a realistic hydrodynamical simulation of a BNS merger. We show that the blue spectrum at + 1.4 d after merger requires 
a nucleosynthetic trajectory with a high electron fraction. Our best-fitting model is composed entirely of first r -process peak 

elements (Sr and Zr) and the strong absorption feature is reproduced well by Sr II absorption. At this epoch, we set an upper 
limit on the lanthanide mass fraction of X LN � 5 × 10 

−3 . In contrast, all subsequent spectra from + 2.4 to 6.4 d require the 
presence of a modest amount of lanthanide material ( X LN � 0 . 05 

+ 0 . 05 
−0 . 02 ), produced by a trajectory with Y e = 0.29. This produces 

lanthanide-induced line blanketing below 6000 Å, and sufficient light r -process elements to explain the persistent strong feature 
at ∼0.7–1.0 μm (Sr II ). The composition gives good matches to the observed data, indicating that the strong blue flux deficit 
results in the near-infrared (NIR) excess. The disjoint in composition between the first epoch and all others indicates either ejecta 
stratification, or the presence of two distinct components of material. This further supports the ‘two-component’ KN model, and 

constrains the element composition from nucleosynthetic trajectories. The major uncertainties lie in availability of atomic data 
and the ionization state of the expanding material. 

Key words: atomic data – line: identification – radiative transfer – stars: neutron – supernov ae: indi vidual: AT2017gfo. 
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 I N T RO D U C T I O N  

ergers of BNS systems have long been mooted as an ideal location
or the synthesis of rapid neutron capture ( r -process) elements 
Metzger 2017 ). Many different theoretical simulations have shown 
hat the extreme ejecta properties, coupled with the large neutron 
raction in the expelled material is sufficient for the r -process
o be viable (Lattimer & Schramm 1974 ; Eichler et al. 1989 ;
reiburghaus, Rosswog & Thielemann 1999 ; Rosswog et al. 1999 ; 
oriely, Bauswein & Janka 2011 ; Korobkin et al. 2012 ; Goriely

t al. 2013 , 2015 ; Perego et al. 2014 ; Wanajo et al. 2014 ; Just et al.
015 ). Ho we ver, spectrophotometric observ ations of real mergers are
eeded to confirm the predicted properties of these models. 

The first disco v ery of gra vitational wa ves from a BNS merger
as made by the LIGO–Virgo scientific collaboration in 2017 

GW170817; Abbott et al. 2017 ). This led to the disco v ery of the
N AT2017gfo, the electromagnetic counterpart to the BNS merger 

see Abbott et al. 2017 ; Andreoni et al. 2017 ; Arcavi et al. 2017 ;
hornock et al. 2017 ; Coulter et al. 2017 ; Cowperthwaite et al.
017 ; Drout et al. 2017 ; Evans et al. 2017 ; Kasliwal et al. 2017 ;
ipunov et al. 2017 ; Nicholl et al. 2017 ; Pian et al. 2017 ; Shappee
 E-mail: jgillanders01@qub.ac.uk 
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ber 2022
t al. 2017 ; Smartt et al. 2017 ; Soares-Santos et al. 2017 ; Tanvir et al.
017 ; Troja et al. 2017 ; Utsumi et al. 2017 ; Valenti et al. 2017 ). There
ave been numerous attempts to interpret the evolution of the early
pectra and photometry of AT2017gfo, with many authors invoking 
wo components. 

In a two-component model, two distinct components of ejecta 
aterial are produced. First, ejecta material is expelled dynamically, 

ither during or immediately after the merger (on ∼ millisecond 
ime-scales). This is followed by a second component of ejecta 
aterial (on time-scales of ∼ a second), that is partially blown 

way from a newly formed accretion disc surrounding the merged 
emnant (see Kasen et al. 2017 , or any of the subsequent references,
or more on the two-component model). The expected mass of 
ynamical ejecta from simulations of BNS mergers lies in the 
egion 10 −4 < M dyn < 10 −2 M � (e.g. Ruffert, Janka & Schaefer 1996 ;
osswog et al. 1999 ; Goriely et al. 2011 ; Korobkin et al. 2012 ;
auswein, Goriely & Janka 2013 ; Hotokezaka et al. 2013 ; Palenzuela 
t al. 2015 ; Foucart et al. 2016 ; Sekiguchi et al. 2016 ; Ciolfi et al.
017 ; Radice et al. 2018 ; Ardevol-Pulpillo et al. 2019 ; Nedora et al.
019 ; Just et al. 2022b ; Kullmann et al. 2022 ), with typical ejecta
peeds in the range 0 . 2 < v < 0 . 3 c. The disc wind can be more
assive (10 −2 < M dw < 10 −1 M �) and is slower moving ( v ∼ 0 . 1 c;

.g. Fern ́andez & Metzger 2013 ; Metzger & Fern ́andez 2014 ; Perego
t al. 2014 ; Just et al. 2015 ; Wu et al. 2016 ; Siegel & Metzger 2017 ;
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-8094-6108
mailto:jgillanders01@qub.ac.uk
http://creativecommons.org/licenses/by/4.0/


632 J. H. Gillanders et al. 

M

F  

e  

a  

s  

2  

B  

g  

o
 

p  

t  

G  

P  

2  

2  

e  

o  

s  

A  

d  

e  

e  

2  

2
 

A  

t  

s  

m  

c  

p  

t  

r  

f  

B  

t  

G  

i  

n  

m  

c  

t  

fi  

p  

e  

H  

a  

p  

T  

m
 

a  

o  

u  

2  

(  

c  

A  

c  

s  

t  

t  

a  

h  

a  

t  

v  

l  

i  

o  

e  

o  

s  

e  

m
 

h  

c  

I  

t  

m  

f  

r  

i  

(  

c  

c  

p  

I  

p  

d
S

 

t  

a  

p  

P

2
A

T  

o  

s  

e  

c  

c  

f  

(  

e  

(  

U  

p
(

 

e  

t  

a  

t  

1 www.engr ave-eso.or g/AT2017gfo-Data-Release . 
2 https://wiserep.weizmann.ac.il . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/631/6584849 by G
SI / G

esellschaft für Schw
erionenforschung in der H

elm
holtz-G

em
einschaft user on 02 N

ovem
ber 2022
ujibayashi et al. 2018 ; Miller et al. 2019 ; Curtis et al. 2021 ; Just
t al. 2022a ). The two-component model has been used by numerous
uthors to explain the spectral energy distribution (SED) of the early
pectra of AT2017gfo (see Chornock et al. 2017 ; Cowperthwaite et al.
017 ; Kasen et al. 2017 ; Coughlin et al. 2018 ). Perego, Radice &
ernuzzi ( 2017 ), Villar et al. ( 2017 ), and Breschi et al. ( 2021 ) have
one further, and suggested that three components with different
pacities may be required. 
BNS mergers generally provide very fa v orable conditions for r -

rocess element nucleosynthesis, and models can closely reproduce
he solar r -process abundance pattern (e.g. Freiburghaus et al. 1999 ;
oriely et al. 2011 ; Korobkin et al. 2012 ; Bauswein et al. 2013 ;
erego et al. 2014 ; Wanajo et al. 2014 ; Just et al. 2015 ; Radice et al.
018 ; Ardevol-Pulpillo et al. 2019 ; Just et al. 2022a ; Kullmann et al.
022 ). Main challenges include the modelling of the different mass
jection channels of a merger and, in particular, the exact distribution
f the electron fraction ( Y e ) in the different ejecta components, which
trongly affects the range of r -process elements being produced.
lso, different nuclear physics models determining the reaction and
ecay rates of the r -process lead to recognizable variations of the
lemental abundances and associated decay heating (e.g. Goriely
t al. 2013 ; Goriely 2015 ; Mendoza-Temis et al. 2015 ; Martin et al.
016 ; Giuliani, Mart ́ınez-Pinedo & Robledo 2018 ; Lema ̂ ıtre et al.
021 ; Zhu et al. 2021 ). 
Radiative transfer spectral modelling works focused on

T2017gfo have broadly followed two paths. The first has been
o try to directly identify features in the early spectra that belong to
pecific elements, and use these to infer information about the ejecta
aterial. Smartt et al. ( 2017 ) suggest that the early spectral absorption

an be attributed to Te I and Cs I , which are both second r -process
eak elements. Further analysis by Watson et al. ( 2019 ) suggests
hat the early spectra of AT2017gfo can be explained by lighter
 -process material. Specifically, they attribute the same absorption
eature in the early spectra to Sr II , a first r -process peak element.
oth studies point to the presence of r -process material, although

he y disagree o v er which elements are dominating the early spectra.
illanders et al. ( 2021 ) searched for signatures of platinum and gold

n the spectra, using new atomic data from McCann et al. ( 2022 ), but
o definitive identification was forthcoming. Domoto et al. ( 2021 )
odel the entire KN ejecta, and find that the AT2017gfo spectra

an be reproduced with a lanthanide-poor ejecta composition, with
he early spectral absorption dominated by Sr II (corroborating the
nding of Watson et al. 2019 ). Perego et al. ( 2022 ) explore the
roduction of light elements ( Z < 20) and Sr in early-phase KN
jecta, and present some comparisons to AT2017gfo. They show that
e may contribute to absorption in the early spectra of AT2017gfo,

lthough the mass needed to produce a prominent feature exceeds the
redicted synthesized mass of He by around an order of magnitude.
he predicted synthesized mass of Sr is in agreement with the Sr
ass inferred by Watson et al. ( 2019 ). 
The second approach has been to generate theoretical atomic data

nd use those to model the broad spectral shapes. There are a number
f different groups working on theoretical atomic data that can be
sed to investigate BNS mergers (e.g. Kato et al. 2021 ; Olsen et al.
022 ). Models presented by Kasen et al. ( 2017 ) and Tanaka et al.
 2018 , 2020 ) show that the SEDs produced from low Y e material
an reproduce the rising NIR flux observed in the evolution of
T2017gfo. They show that the presence of lanthanides in particular
ritically affect the shape of the spectrum, resulting in a significant
hift of the emission to the NIR. Since these studies use atomic data
hat are generally not calibrated to laboratory observed transitions,
here will be some systematic uncertainty in both the wavelength
NRAS 515, 631–651 (2022) 
nd strengths of transitions in their models. Line blending due to the
igh velocities and the multitude of transitions of these elements also
dd to the difficulty in clear identification of particular ions. While
he Kasen et al. ( 2017 ) and Tanaka et al. ( 2018 , 2020 ) models are
alid for modelling the o v erall shape of the spectra and inferring the
ikely element mix, they are less ef fecti ve in providing direct line
dentification. A further complication is understanding the physics
f the radioactive heating and thermalisation mechanisms (Barnes
t al. 2021 ). Fontes et al. ( 2020 ) tab ulated wa velength-dependent
pacities for all lanthanides and uranium, which have been used by
everal authors (Even et al. 2020 ; Korobkin et al. 2021 ; Wollaeger
t al. 2021 ) to generate SEDs to compare with AT2017gfo, but this
ethod also does not allow identification of specific transitions. 
To date, there is no published model that reproduces all the

igh quality, accurately calibrated, daily spectra of AT2017gfo
onsistently with a physically plausible mix of r -process elements.
n this work, we use such an element mix from nucleosynthetic
rajectories in BNS mergers, and calculate new radiative transfer

odels with all publicly available (mostly calibrated) atomic data
or the elements beyond the iron group. Our spectral models
eproduce the o v erall shapes of the observed spectra, and we also
dentify the atoms and ions that have the most prominent effects
absorption/emission) on the spectra. In Section 2 we moti v ate our
hoice of spectral data to model. In Section 3 , we present our
ompiled atomic data set, and in Section 4 we present the com-
osition profiles from hydrodynamic nucleosynthesis calculations.
n Section 5 , we describe the methodology for our models, and
resent the main results in Section 6 . We follow up with some
iscussion and our interpretation in Section 7 . Finally, we conclude in 
ection 8 . 
This paper focuses on the spectra that we consider to be still within

he photospheric phase and therefore valid for TARDIS modelling,
s described in Section 5 . A second paper (Gillanders et al., in
reparation) will analyse the spectra taken � 7 d. We refer to this as
aper II throughout this manuscript. 

 T H E  OBSERV ED  SPECTRAL  SEQU ENCE  O F  

T2 0 1 7 G F O  

hroughout this work, we present comparisons of models to the
bserved spectra of AT2017gfo. We primarily use the set of 10 X-
hooter spectra originally published by Pian et al. ( 2017 ) and Smartt
t al. ( 2017 ), and re-reduced and re-calibrated by the ENGRAVE
ollaboration (Ackley et al. 2020 ). These spectra have been flux-
alibrated to a compiled set of photometric measurements taken
rom the published values of Andreoni et al. ( 2017 ), Arcavi et al.
 2017 ), Chornock et al. ( 2017 ), Cowperthwaite et al. ( 2017 ), Drout
t al. ( 2017 ), Evans et al. ( 2017 ), Kasliwal et al. ( 2017 ), Pian et al.
 2017 ), Smartt et al. ( 2017 ), Tanvir et al. ( 2017 ), Troja et al. ( 2017 ),
tsumi et al. ( 2017 ), and Valenti et al. ( 2017 ). This spectral data set is
ublicly available on the ENGRAVE webpage, 1 and on WISeREP 

2 

Yaron & Gal-Yam 2012 ). 
We also include the + 0.5 d optical spectrum from Shappee

t al. ( 2017 ) in our analysis (no X-shooter data were taken on
hat night). This is a featureless, blue spectrum with no identifi-
ble features, which we model to demonstrate consistency back
o this very early epoch. We checked the flux calibration, and

https://www.engrave-eso.org/AT2017gfo-Data-Release
https://wiserep.weizmann.ac.il
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Table 1. Number of lines belonging to various species and elements of 
interest. 

Species Line list 

STANDARD ATOMS DREAM QUB 

1 H – 37 Rb 263 204 – – –
38 Sr I 74 3359 – –
38 Sr II 106 1341 – –
38 Sr III 0 15 541 – –
39 Y I 328 68 263 – –
39 Y II 186 43 434 – –
40 Zr I 693 256 457 – –
40 Zr II 500 167 948 – –
40 Zr III 0 38 197 – –
41 Nb – 56 Ba 6772 – – –
57 La 542 – 1767 –
58 Ce 2553 – 16 018 –
59 Pr 577 – 13 937 –
60 Nd 1279 – 3693 –
61 Pm 0 – 0 –
62 Sm 1577 – 752 –
63 Eu 489 – 1277 –
64 Gd 1399 – 1443 –
65 Tb 107 – 900 –
66 Dy 1180 – 2332 –
67 Ho 90 – 1158 –
68 Er 902 – 1453 –
69 Tm 752 – 9946 –
70 Yb 385 – 7548 –
71 Lu 154 – 206 –
72 Hf – 77 Ir 5277 – – –
78 Pt I 157 – – 1737 
78 Pt II 0 – – 14 868 
78 Pt III 0 – – 65 468 
79 Au I 61 – – 152 
79 Au II 0 – – 2872 
79 Au III 0 – – 6792 
80 Hg – 88 Ra 169 – – –
89 Ac 0 – – –
90 Th 2035 – – –
91 Pa 0 – – –
92 U 1140 – – –

Notes . We preferentially included the ATOMS , DREAM , and QUB data o v er that 
included within the STANDARD atomic line list for all species and elements 
listed. The QUB data are described by McCann et al. ( 2022 ). 
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erified that it agrees well with the photometry available at this 
poch. 

We use the X-shooter set of observed spectra as they are a complete
equence taken daily for 10 d, with good signal-to-noise ratio (using
n 8-m aperture telescope), full wavelength coverage across all 
avelengths accessible from the ground ( ∼0.3–2.5 μm), and they 

re well calibrated. While spectra were taken with other telescopes 
t the time (Andreoni et al. 2017 ; Chornock et al. 2017 ; Kasliwal
t al. 2017 ; McCully et al. 2017 ; Nicholl et al. 2017 ; Shappee et al.
017 ; Smartt et al. 2017 ; Troja et al. 2017 ), no other instrument
rovides as complete wavelength coverage, daily temporal coverage, 
nd sensitivity for AT2017gfo. Excellent agreement between the 
bserved photometry and synthetic photometry measured on the flux- 
alibrated X-shooter spectra (from the ENGRAVE re-calibrations) 
ndicate that this is the definitive spectral data sequence that should 
e used for modelling AT2017gfo. 

 A  TO MIC  DA  TA  

ur modelling work is heavily dependent on accurate and reliable 
tomic data. As such, we have amassed a comprehensive data set that
ncompasses the species of interest for our study here. The main data
et we use is the default data set that comes with TARDIS ( STANDARD ),
hich is based on Chianti data for H and He (Dere et al. 1997 ; Del
anna et al. 2021 ), and Kurucz for all other elements (Kurucz 2017 ).
his atomic data set contains line information for the lowest few 

onisation states for most elements up to the first r -process peak
 Z ∼ 40). Beyond this, it contains some information but it is very
ncomplete, and is missing many ions of interest for our modelling. 
his STANDARD data set contains only transitions between known 

and laboratory measured) energy levels. Although the wavelengths 
or all these transitions are reliable, the line list will be incomplete,
ince it will be missing transitions between levels that have not been
xperimentally measured. 

Since we are especially interested in r -process species, we added 
he e xtended K urucz atomic data 3 for Sr I –III , Y I –II , and Zr I –III

 ATOMS ). These extended line lists contain transitions between 
oth measured and theoretically predicted levels, and so they 
ontain many more lines, albeit with potentially somewhat uncertain 
avelength values. Table 1 illustrates the number of lines that were 

dded to our data set by expanding our list to include the predicted
ines for the first r -process peak elements. 

Due to the complications involved with generating atomic data 
or heavier elements, with more complex structures beyond Z ∼ 40, 
he Kurucz data base is, of course, incomplete. To combat this, we
ave supplemented these data sets with others that have coverage 
or some of these heavy species. The Database on Rare Earths At
ons university ( DREAM ; Bi ́emont, Palmeri & Quinet 1999 ; Quinet
 Palmeri 2020 ) contains atomic line info for some of the lowest

onisation stages of each of the lanthanides, and Lu (57 ≤ Z ≤ 71).
his data base contains line information for transitions between 
xperimentally measured levels, and so all the lines will have reliable 
avelengths. 
We ingested all the data available, and preferentially used these 

alues o v er an y line data that were available within the STANDARD

ata for the same species. Table 1 contains information on the 
ncreased number of lines added by including the DREAM data. 
inally, we also use new data for neutral, singly, and doubly ionized
latinum and gold, calculated by McCann et al. ( 2022 ) and previously
 http://kurucz.harvard.edu/atoms.html . 

o

4

2

sed by Gillanders et al. ( 2021 ). The number of lines for these species
re also included in Table 1 ( QUB ). 

Using all these atomic data sources, we generated an atomic data
et for use by TARDIS (see Section 5 ). For this, we used the CARSUS

ackage, 4 which extracted the level energies and statistical weights, 
nd also the Einstein A -values for all transitions. The ionisation
nformation for all species included in our atomic data set are
xtracted from the National Institute of Standards and Technology 
tomic Spectra Database (NIST ASD; Kramida et al. 2020 ). 

 COMPOSI TI ON  PROFILES  

ne of the primary aims of modelling the spectra of AT2017gfo
s to determine which elemental species are responsible for the 
bserved features. We also want to determine if the overall shape
f the spectra, and their evolution, is consistent with compositions 
MNRAS 515, 631–651 (2022) 

 ht tps://github.com/t ar dis-sn/car sus . 

022

http://kurucz.harvard.edu/atoms.html
https://github.com/tardis-sn/carsus
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xpected for BNS mergers. From a hypothetical standpoint, one can 
magine undertaking a study where the abundance of every element 
s treated as a free parameter, with the aim to empirically constrain
he composition of the ejecta of AT2017gfo at different epochs, in 
n effort to understand its evolution. However, this approach is not 
easible in practice. It would lead to too many free parameters, taking
oo long to explore, as well as wasting computational resources. 
herefore, to save time, we opted to not treat each element as a free
arameter, but instead to base our modelling on theoretical work, 
ith compositions obtained from nucleosynthetic calculations from 

ydrodynamical simulations of BNS mergers. This approach greatly 
educes the number of parameters under investigation and provides 
hysically moti v ated and realistic compositions. 
We based our work on the composition extracted from the 

ynamical mass ejection simulated by a realistic hydrodynamical 
imulation of a BNS merger (as presented by Goriely et al. 2011 ,
013 , 2015 ; Bauswein et al. 2013 ), which we artificially modify to
btain a larger variation in the composition. Specifically, we adopt 
he hydrodynamical evolution from a smooth particle hydrodynamics 
imulation of a merger of two stars, both with M = 1.35 M �,
mploying the SFHo equation of state (Steiner, Hempel & Fischer 
013 ). Since we use smooth particle hydrodynamics, the simulation 
rovides a number of fluid element trajectories representing the 
jecta. For those, we set the initial Y e by hand, which we choose to be
roportional to the inclination angle θ of the given fluid element, to 
esemble a higher Y e towards the poles. More specifically, we assign
 e = | θ | / π , with the inclination angle θ measured from the equator,
uch that we obtain 0 ≤ Y e ≤ 0.5. Finally, we bin all trajectories
y angle; i.e. ef fecti vely by Y e , where we still distinguish ejection
owards the northern and southern hemispheres, which features some 
egree of statistical fluctuation. This setup does not represent a fully
elf-consistent description of the merger ejecta, but it provides more 
exibility with regards to the composition, and still maintains a 
ertain degree of realism. We also remark that we do not include
rajectories of matter becoming unbound on longer time-scales, since 
ur simulation ends a few tens of milliseconds after merging. 
We run nuclear network calculations for every trajectory, and sum 

p the composition mass-averaged within the different bins. The 
ucleosynthesis calculation starts as soon as the temperature drops 
elow T = 10 10 K, and the density is below the neutron-drip density
 ρdrip � 4.2 × 10 11 g cm 

−3 ), at which point the initial abundances of
eavy nuclei are determined by nuclear statistical equilibrium at the 
iven electron fraction, density, and temperature. For the first 10 ms
fter merging, the density history is consistently followed by the 
umerical simulation. Afterwards, the ejected matter is assumed to 
xpand freely with constant velocity. The radii of the ejecta clumps 
hus grow linearly with time, t , and consequently, their densities
volve approximately proportional to t −3 . As soon as the full reaction
etwork is initiated, the temperature evolution is determined on the 
asis of the laws of thermodynamics, allowing for possible nuclear 
eating through β-decays, fission, and α-decays (Meyer 1989 ). 
The nucleosynthesis is followed with a full reaction network, 

ncluding all 5000 species from protons up to Z = 110, lying between
he valley of β-stability and the neutron-drip line (for more details, 
ee Goriely et al. 2011 ; Bauswein et al. 2013 ; Just et al. 2015 ).
ll charged-particle fusion reactions on light and medium-mass 

lements that play a role when the nuclear statistical equilibrium 

reezes out are included, in addition to radiative neutron captures 
nd photodisintegrations. The reaction rates on light species are taken 
rom the NETGEN library, which includes all the latest compilations 
f experimentally determined reaction rates (Xu et al. 2013 ). By
efault, experimentally unknown reactions are estimated with the 
ALYS code (Goriely, Hilaire & Koning 2008 ) on the basis of
he HFB-21 nuclear masses (Goriely, Chamel & Pearson 2010 ). 
ission processes, including neutron-induced fission, spontaneous 
ssion, β-delayed fission, as well as β-delayed neutron emission, 
re considered as detailed in Goriely ( 2015 ). The β-decay rates are
aken from the mean field plus the relativistic QRPA calculation 
f Marketin, Huther & Mart ́ınez-Pinedo ( 2016 ), when not available
xperimentally. 

The different Y e regimes produce starkly different compositions, 
s shown in Fig. 1 , and this is why we consider the compositions
ia angle/ Y e bins; it provides us with a diverse range of composition
rofiles for use in our radiative transfer modelling. The bins are
amed corresponding to their average Y e value, and have either the
uffix a or b, depending on whether the compositions were extracted
rom abo v e or below the equatorial plane. In Table 2 , we present
ists of the top 10 most abundant elements (as well as a few other
lements of interest), and their relative mass fractions, for each of
he 12 compositions we have extracted from the simulation. We also
resent the ‘Average’ composition for reference, which represents 
he composition averaged across the entire simulation. 

These different compositions provide ‘representative’ composi- 
ions that are feasible for BNS mergers. Ho we ver, we wish to
ighlight the following points. First, since the bulk of the mate-
ial is ejected along the equatorial plane, and the nucleosynthesis 
alculations are based on a sample of massive tracer particles, the
jecta are generally better sampled for equatorial bins; i.e. lower 
 e . As we mo v e towards the poles, the amount of material (and

hus number of simulated nucleosynthesis tracer particles) in these 
ngle bins drops off significantly, leading to more poorly sampled 
ompositions, because of the significantly smaller solid angle. This 
eads to some larger scatter within the composition of these bins,
hich will get worse for bins with higher Y e . This becomes most

pparent when comparing our high Y e compositions, Y e −0.44a and 
 e −0.44b. These composition bins should be comparable, yet the iron 
bundance varies significantly (0.313 in Y e −0.44a, versus 0.0108 in 
 e −0.44b). 
Secondly, we wish to clarify that we are not using these com-

ositions to represent viewing angle. We have extracted these 
ompositions in this manner to provide us with a diverse range,
r selection, of composition profiles that could feasibly be produced 
rom a BNS merger, as opposed to summing up the entire ejecta from
he simulation, which would provide a single composition. This set 
f compositions are what we base our sequence of spectral models
pon. 
Finally, it should be emphasized that the thermodynamic properties 

f each trajectory is given by the hydrodynamical simulation. In 
articular, each of the 12 Y e bins is found to be ejected with
 rather similar average expansion velocity, 〈 v〉 � 0 . 25 ± 0 . 05 c,
xcept along the pole, where larger average velocities ∼ 0 . 4 c are
ound. Similarly, each of the 12 Y e bins are characterized by
nitial entropies per nucleon of ∼ 25 ± 5 k B . For this reason, in
ach bin, the electron fraction is the key property governing the
ucleosynthesis. 

 SPECTRAL  ANALYSI S  M E T H O D  

umerous attempts have been made to interpret the early spectra 
f AT2017gfo. Many of these have invoked the two-component 
odel (rapidly expanding, low opacity, blue component, followed 

y a slower moving, high opacity, red component) to explain the
volution of the early SEDs (Chornock et al. 2017 ; Cowperthwaite
t al. 2017 ; Kasen et al. 2017 ; Coughlin et al. 2018 ). Ho we ver, other
MNRAS 515, 631–651 (2022) 
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M

Figure 1. Mass fractions of the ejecta material at t = 1 d, as a function of mass number, A (left-hand panels) or atomic number, Z (right-hand panels), divided 
into the 12 Y e composition bins. The Solar system r -process abundance distribution (open circles) from Goriely ( 1999 ), arbitrarily normalized, is shown for 
comparison. 
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orks dispute multicomponent models being necessary to explain
he early evolution of AT2017gfo. For example, Smartt et al. ( 2017 )
nd Waxman et al. ( 2018 ) argue that the light curve and spectra
an be adequately reproduced with a single ejecta component, with
ow-to-moderate opacity. Throughout this work, we use single zone

odels to calculate theoretical spectra of AT2017gfo. Using different
ompositions from the hydrodynamical simulations allows us to
est if a single component, or multiple, are required to explain the
bserved spectral evolution. 
For all the modelling we present in this work, we use the 1D Monte

arlo radiative transfer code, TARDIS ( Temperature And Radiative
iffusion In Supernovae ; Kerzendorf & Sim 2014 ; Kerzendorf et al.
018 ). This code is capable of rapidly generating synthetic spectra
f e xplosiv e transients. TARDIS begins by assuming a spherically
ymmetric explosion, with ejecta material that is expanding homolo-
ously. The code assumes an inner boundary (the properties of which
re determined from user inputs), beneath which the ejecta material is
ompletely optically thick. The line-forming region is the expanding
aterial abo v e this boundary. TARDIS assumes that the radiation

merging from this boundary perfectly resembles a blackbody. This
nner boundary, or ‘photospheric’, approximation greatly reduces
NRAS 515, 631–651 (2022) 
he complexity of the simulation, since we do not consider the
nternal powering mechanism. It also reduces the velocity space
e need to simulate, since the code need only simulate the ejecta
roperties abo v e the inner boundary. This assumption of a sharp
hotosphere within our TARDIS models can impact the results inferred
rom modelling. In a real astrophysical explosion, there is no single
osition where the material transitions between being optically thick
nd thin. In reality, this position will vary with wavelength, and so the
osition of this sharp inner boundary within TARDIS is unphysical,
nd affects the model SED. 

One would expect to be able to ‘see’ deeper within the ejecta in the
IR than in the optical or the UV. Therefore, if the photosphere is
ositioned such that it agrees with the data in the UV and optical
arts of the spectrum, then we will lose information from NIR
hotons beneath this boundary. This will lead to disagreements
ith data at NIR wavelengths. To combat this problem, the inner
oundary position would need to either be computed in a wavelength-
ependent manner, or remo v ed entirely, both of which are more
omputationally e xpensiv e and not possible with the current version
f TARDIS . Despite this restriction, TARDIS can still reproduce the
EDs of observed transients well (at least in the UV and optical

art/stac1258_f1.eps
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Figure 2. Two-dimensional schematic to illustrate the basic structure of a 
TARDIS simulation. 
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arts of the spectrum, which are typically the focus for spectroscopic 
tudies of SNe). 

At the beginning of the simulation, TARDIS generates r -packets, 
hich represent bundles of photons emerging from the optically 

hick photosphere in the model explosion. The r -packets are ran- 
omly assigned frequencies based on the temperature at the inner 
oundary. The simulation begins, and these r -packets are then free to
andomly propagate through the expanding outer regions of ejecta, 
he properties of which (e.g. density, temperature and composition), 
re determined by user inputs. As the r -packets propagate, they 
re free to interact with the expanding ejecta material, and these 
nteractions 5 lead to discernible features in the computed spectrum 

by free electron scattering or absorption/re-emission in bound–
ound and bound–free transitions). 
When the simulation ends, all r -packets that escaped the outer 

oundary are used to compute a synthetic spectrum. TARDIS is time- 
ndependent, which means that it can only generate model spectra 
or a single epoch. Ho we ver, by modelling spectra captured across
ultiple epochs, and evolving the model input parameters in a 

onsistent way with time, one can generate a physically moti v ated
equence of model spectra that can be used to understand the 
volution of the e xplosiv e transient under investigation, across some, 
r most, of its observed spectral sequence (provided the object 
emains in a photospheric regime). 

Fig. 2 schematically illustrates how TARDIS functions, with the 
ptically thick inner boundary (or photosphere) at velocity v min and 
emperature T , producing a blackbody continuum spectrum. The line- 
orming region is where the r -packets interact with the expanding 
jecta material. The density profile, ρ( v, t exp ), controls the total mass
f material abo v e the photosphere. TARDIS is capable of simulating
 layered or stratified ejecta. We note that we are not sensitive to
ny mass beneath the photosphere (denoted M ph ) and the masses we
efer to throughout this paper will correspond to the mass enclosed 
y the line-forming region within our models, M LF . The total ejecta
ass of the system is M ej = M ph + M LF , and typically M LF � M ph .
lthough we do not constrain the total mass of the system, we are able

o constrain the composition of the ejecta where our observations are 
ost sensitive (the line-forming region), which allows us to deduce 

he relative mass fractions of the species of interest in the ejecta of
T2017gfo. 
We note that TARDIS has been used previously to model the 

arly spectra of AT2017gfo (Smartt et al. 2017 ; Watson et al.
019 ; Gillanders et al. 2021 ; Perego et al. 2022 ). Since KNe have
ypical ejecta speeds, v � 0 . 1 c at early times (Bauswein et al. 2013 ;
otokezaka et al. 2013 ; Ciolfi et al. 2017 ; Siegel & Metzger 2017 ;
adice et al. 2018 ), relativistic effects should be accounted for

n the radiative transfer. Therefore, we use the full treatment of
pecial relativity within TARDIS , developed by Vogl et al. ( 2019 ),
hroughout all of our analysis presented here. We use the LTE (local
hermal equilibrium) approximation for ionisation, and dilute- 
TE for excitation. We use the most sophisticated line interaction 

reatment, macroatom , which provides an accurate representation 
f fluorescence and multiline effects. For all our models we use a
ower-law density profile, of the general form 

( v, t exp ) = ρ0 

(
t 0 

t exp 

)3 (
v 

v 0 

)−� 

, (1) 
 Throughout this paper, where we mention the term ‘interaction’, we are 
eferring to the photon–ion/atom interactions within our TARDIS simulations, 
nless otherwise stated. 

m

6

w
p

em
or v min ≤ v ≤ v max , where ρ0 , t 0 , v 0 , � , and v max are constants.
e chose values for these constants empirically to reproduce the 

ED of the early spectra of AT2017gfo. For all our models, we use
 0 = 2 d and v 0 = 14 000 km s −1 . ρ0 essentially controls the amount
f material present in the model, and for our modelling approach in
his work we initially treat ρ0 as a free parameter, in order to obtain
easonable fits for each composition profile across all epochs. 6 We 
se an exponent, � = 3, as it agrees with hydrodynamical simulations
f BNS mergers (Hotokezaka et al. 2013 ; Tanaka & Hotokezaka 
013 ) and has been used with reasonable success in other works
odelling AT2017gfo (Watson et al. 2019 ; Gillanders et al. 2021 ).
e use v max = 0 . 35 c as the maximum ejecta velocity for our models,

s there is no spectroscopic evidence for material at velocities higher
han this. In its standard LTE mode of operation, TARDIS estimates the
emperature profile using a blackbody model for the local radiation 
eld. Here, ho we ver, we are cautious of using this approach, given

he v ery comple x (partly unknown) distribution of opacities, and
he extreme line-blanketing at UV and blue wavelengths that are 
xpected for ejecta rich in heavy elements. Since these effects 
ake a local blackbody radiation field mode questionable, we opt 
MNRAS 515, 631–651 (2022) 

 Note that we find consistency across our sequence of best-fitting models, 
ith constant values for ρ0 (and also t 0 and v 0 ) producing a consistent density 
rofile. 

ber 2022
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Figure 3. Comparison of the density profile from our nucleosynthesis 
calculation, and the density profile used in our TARDIS modelling. The 
densities have been computed assuming homologous expansion, and a time 
since explosion, t exp = 1 d. The grey-shaded region highlights the velocity 
range that we are sensitive to in our best-fitting TARDIS models for the + 1.4 
to 4.4 d spectra, that we present in Section 6 . We also plot our TARDIS density 
profile scaled by a constant factor ( × 5) within the velocity range we explore 
with our TARDIS models. This illustrates how the distribution of ejecta material 
across this velocity range (0 . 12 –0 . 35 c) in our TARDIS models is comparable 
to that predicted from the hydrodynamic simulation, albeit with less total 
material included. 
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nstead to simply adopt a fixed temperature throughout the entire
jecta for each of our TARDIS models. This a v oids introducing a
omplex (and likely inaccurate) temperature profile in the models,
nd makes it clearer how the model parameters control the shape
f the SED and ionisation of the ejecta material. Although a fixed
emperature throughout our model ejecta is simplistic, we note that
ur largest systematic uncertainty does not arise from this, but
s due to the incompleteness of the atomic data and the simple
xcitation/ionisation assumptions. Our model temperatures at each
poch were deduced by fitting a TARDIS model continuum to the
bserved spectrum, allowing some minor deviation if it impro v ed
he o v erall fit to observations, when the effects of line interactions
ere considered. In this approach, our model luminosity is not a free
arameter, and is computed via 

 = 4 π
(
v min × t exp 

)2 
σR T 

4 , (2) 

ssuming homologous expansion, where σR is the Stefan–Boltzmann
onstant and T is the model temperature. Finally, t exp was well
onstrained at all epochs from the GW detection associated with
T2017gfo (Abbott et al. 2017 ). 
As a check, we compare the density profile from the hydrodynamic

imulation used in the nucleosynthesis calculations (Section 4 ) with
he analytic density profile formulated in equation ( 1 ). The hydrody-
amical simulation was binned into 12 discrete velocity bins, which
pan a large velocity range (0 . 03 –0 . 93 c). Assuming homologous
xpansion, the corresponding densities for each bin have been derived
t 1 d post-explosion. The TARDIS density has been computed for the
ame epoch and we compare them in Fig. 3 . The grey-shaded region
ncompasses the velocity space we are sensitive to in our best-fitting
ARDIS models for the + 1.4 to 4.4 d spectra of AT2017gfo, that we
resent in Section 6 . Our TARDIS model density is a factor of ∼5
ower than in the hydrodynamic simulation, although the exponents
f both profiles are comparable. This discrepancy is clearly evident
n Fig. 3 , where the TARDIS model density has been scaled by a factor
NRAS 515, 631–651 (2022) 
f 5 (within the velocity range our TARDIS models are sensitive to).
e see that this resembles the density profile extracted from the

ydrodynamic simulation. The discrepancy between our TARDIS and
ydrodynamic simulation density profiles arises from our method of
electing the density profile in TARDIS . We treated the TARDIS density
rofile as a free parameter, and converged towards the solution that
s best able to reproduce the observations across a range of epochs
see Section 6 ). From this discrepancy, it is apparent that we require
ess ejecta material in the TARDIS line-forming region to reproduce
he observations than the hydrodynamic simulation predicts. A more
n-depth analysis exploring this discrepancy should be undertaken,
ut is outside the scope of this paper. 

When discussing our model results in Section 6 , we will explore
he Spectral element DEComposition (SDEC) plots for our models.
hese plots are produced by the TARDIS code to illustrate the
ontribution each interaction type has on our model spectrum. The
DEC plot assists in highlighting the last interaction the escaping
ackets have, which allows us to determine what component of
he model ejecta has the most prominent effect on our synthetic
pectra. Absorption is illustrated by the coloured regions beneath
he Flux = 0 level, and the strength of the absorption feature is
roportional to its size. Different colours correspond to different
ons in the model, with only the most prominent ones highlighted,
or clarity. Emission from the last interaction is indicated abo v e the
lux = 0 level, with free electron scattering and the inner boundary
lso contributing to our emergent spectrum. These plots are vital for
ighlighting the contribution different species have on our emergent 
pectrum. 

When presenting our results in Section 6 , we refer to our ‘best-
tting’ TARDIS models. All our model comparisons have been
erformed using a ‘ χ -by-eye’ approach, as is commonly performed
n SN studies (see e.g. Stehle et al. 2005 ). This approach suffers from
he issue that it can be difficult to determine the validity of similar

odels, leading to some level of subjectivity. As such, it can be
ifficult to accurately constrain parameters that only mildly impact
he o v erall model. Ho we ver, for the model parameters to which our
esults are primarily sensitive (e.g. temperature, Sr II mass) these
ncertainties are minimal. 

 SPECTRAL  ANALYSI S  RESULTS  

ere we present the results of our TARDIS modelling for the spectra of
T2017gfo during its earliest epochs. As the transient exhibits rapid
pectroscopic evolution, AT2017gfo may remain in a photospheric
egime only for the first few days post-e xplosion. Be yond this,
he single-temperature blackbody photospheric approximation used
ithin TARDIS may not be capable of reproducing the spectra in a
hysically meaningful way. We attempt to replicate the spectra taken
ithin the first week after explosion, but caution that the models for

he later epochs (beyond ∼4 d) may not be reliable. All epochs and
pectra are referred to by the time from the gra vitational wa ve merger
ime for GW170817. 

.1 Epoch 0: + 0.5 d spectrum 

his spectrum from Shappee et al. ( 2017 ) is the earliest available,
aken just 0.5 d after the gravitational wave detection associated with
T2017gfo. We show the spectrum in Fig. 4 and it appears to be
ot, blue and featureless. We find a good fit to the observations
ith a TARDIS continuum temperature, T = 10 000 K, which is also
lotted. Beyond constraining the temperature at this epoch, we
annot deduce much else about the transient. We cannot directly
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Table 3. Input model parameters and inferred masses in the line-forming regions of the TARDIS models for the first four epochs, which we are reasonably 
confident are in a photospheric regime. The masses present in this region for rele v ant species are also listed. The model parameters are illustrated and 
represented in Fig. 2 . The model parameters in bold correspond to our preferred best-fitting model for each epoch. 

Epoch v min T ρ0 Composition M LF Sr II (Sr) mass Y II (Y) mass Zr II (Zr) mass 
(d) ( c ) (K) (10 −15 g cm 

−3 ) profile (10 −6 M �) (10 −6 M �) (10 −6 M �) (10 −6 M �) 

1.4 0.28 4500 12 Y e –0.37a 240 0.16 (47) 0.83 (7.4) 14 (31) 
1.4 0.28 4500 4.0 1 st r -peak 80 0.10 (60) – 5.7 (20) 
1.4 0.28 4500 12 Y e −0.29a (1 ≤ Z ≤ 92) 240 0.02 (7.8) 0.16 (1.9) 6.5 (17) 
1.4 0.28 4500 12 Y e −0.29a (1 ≤ Z ≤ 56) 240 0.02 (7.8) 0.16 (1.9) 6.5 (17) 

2.4 0.20 3600 4.0 Y e − 0 . 29 a ( 1 ≤ Z ≤ 92 ) 200 1.9 (6.5) 1.5 (1.6) 14 (15) 
2.4 0.20 3600 4.0 Y e −0.29a (1 ≤ Z ≤ 56) 200 1.9 (6.5) 1.5 (1.6) 14 (15) 
2.4 0.20 3600 1.0 Y e −0.37a 50 1.2 (9.7) 1.4 (1.5) 6.4 (6.5) 
2.4 0.20 3600 0.3 1 st r -peak 15 0.68 (11) – 3.7 (3.8) 

3.4 0.15 3400 4.0 Y e − 0 . 29 a ( 1 ≤ Z ≤ 92 ) 300 6.1 (9.9) 2.4 (2.4) 22 (22) 
3.4 0.15 3400 4.0 Y e −0.29a (1 ≤ Z ≤ 56) 300 6.1 (9.9) 2.4 (2.4) 22 (22) 
3.4 0.15 3400 0.5 Y e −0.37a 38 1.8 (7.4) 1.1 (1.2) 4.9 (4.9) 
3.4 0.15 3400 0.3 1 st r -peak 23 3.9 (17) – 5.7 (5.7) 

4.4 0.12 3200 4.0 Y e − 0 . 29 a ( 1 ≤ Z ≤ 92 ) 380 11 (12) 3.0 (3.1) 28 (28) 
4.4 0.12 3200 4.0 Y e −0.29a (1 ≤ Z ≤ 56) 380 11 (12) 3.0 (3.1) 28 (28) 
4.4 0.12 3200 0.5 Y e −0.37a 48 5.9 (9.3) 1.5 (1.5) 6.2 (6.2) 
4.4 0.12 3200 0.3 1 st r -peak 29 13 (22) – 7.2 (7.2) 

Figure 4. Spectrum of AT2017gfo, taken 0.5 d after the GW trigger, plotted 
alongside our Y e −0.29a model (blue), Y e −0.37a model (red), and the TARDIS 

model continuum, at T = 10 000 K (orange). 
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onstrain the composition, due to the lack of observed spectroscopic 
eatures. For completeness, we take our best-fitting composition 
rofiles for the subsequent spectra ( Y e −0.37a for the + 1.4 d X-
hooter spectrum, and Y e −0.29a for the + 2.4 to 7.4 d spectra;
ee Sections 6.2 –6.6 ), and evolve them backwards to this epoch
o see if we should expect to see any observable features at this
poch. These models are also plotted in Fig. 4 . The models that
e present are identical, apart from their composition. For both, 
e use T = 10 000 K, ρ0 = 1.2 × 10 −14 g cm 

−3 , and v min = 0 . 30 c.
ur TARDIS model spectra exhibit no strong absorption features at 

he wav elengths co v ered by the data, as the ejecta are much too
ot. The absence of any absorption features is in agreement with 
he data. We note that our TARDIS models exhibit strong absorption 
t ultraviolet (UV) wavelengths ( λ � 3000 Å), indicating that UV 

bservations of future events are likely to be required if one wants
o constrain the ejecta composition during the first 12–24 h. It will
e challenging to confidently identify a counterpart and to trigger 
nd acquire high-quality spectra from one of the Hubble Space 
elescope’s UV spectrometers (COS or STIS) within the first day 
f observation of a future KN. 

.2 Epoch 1: + 1.4 d spectrum 

.2.1 Best-fitting Y e composition 

he spectral evolution of AT2017gfo from a hot, featureless black- 
ody, to a redder spectrum peaking within 0 . 7 –1 . 1 μm within 2.4 d
s unlike any previously observed extragalactic transient. The first 
-shooter spectrum, obtained at + 1.4 d, is cooler than the spectrum

t + 0.5 d, but still much bluer than all subsequent spectra. This
pectrum almost certainly represents the transient while it is in a
hotospheric regime, making it a good candidate for accurate TARDIS 

odelling (as previously demonstrated by Smartt et al. 2017 ; Watson
t al. 2019 ; Gillanders et al. 2021 ; Perego et al. 2022 ). 

The SED of the observed spectrum can be reasonably well 
pproximated by a TARDIS model continuum with T = 4500 K.
sing the composition profiles discussed in Section 4 , we initially
nd that the best-fitting composition for our TARDIS model at this
poch is Y e −0.37a, which is dominated by elements from the first
 -process peak (see Table 2 ). The broad absorption feature present
n the spectrum within ∼ 7000 –10 000 Å can be reproduced well
y strontium, which is the dominant element by mass fraction 
n this Y e −0.37a composition. Specifically, the absorption feature 
s caused by the Sr II 4d − 5p triplet. This is not a new result;

atson et al. ( 2019 ) previously identified Sr II as a viable candidate
or reproducing this feature in the same X-shooter spectrum of 
T2017gfo, also using TARDIS . 
Assuming this feature is produced predominantly by Sr II ab- 

orption, we are able to replicate the feature shape with a model
inimum ejecta velocity, v min = 0 . 28 c. To get the model absorption
ithin ∼ 7000 –10 000 Å to match observation (while keeping the 

omposition ratios fixed), we require ρ0 = 1.2 × 10 −14 g cm 

−3 ,
orresponding to a Sr II model mass (in the TARDIS line-forming
egion) of M Sr II = 1.6 × 10 −7 M �. Table 3 contains all rele v ant model
nput parameters, as well as information on the total mass in the
MNRAS 515, 631–651 (2022) 

art/stac1258_f4.eps


640 J. H. Gillanders et al. 

M

Figure 5. Top panel: X-shooter spectrum of AT2017gfo, taken + 1.4 d after 
the GW trigger, plotted alongside the best-fitting Y e −0.37a model (blue), the 
continuum from our best-fitting model (orange), and a model containing only 
first r -process peak elements (red). Bottom panel: SDEC plot for the Y e −0.37a 
model, illustrating that Sr II produces the broad absorption at ∼8000 Å. Y II 

and Zr II produce significant absorption below ∼5000 Å. 
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ARDIS model, and masses for some of the dominant elements and
ons. We highlight again that all masses quoted here, and throughout
his manuscript, represent only the mass within the computational
omain of the TARDIS models, illustrated as the line-forming region
n Fig. 2 . From TARDIS modelling, we cannot independently constrain
ither the composition or total mass beneath the inner boundary. That
s best estimated from the evolution of total luminosity, since that
easures total radioactive powering and integrated opacity. (e.g.
martt et al. 2017 ; Villar et al. 2017 ; Waxman et al. 2018 ; Nicholl
t al. 2021 ). 

Our best-fitting Y e −0.37a model spectrum is shown in the top
anel of Fig. 5 . To highlight the effects of radiation transport though
he expanding material, we also plot the TARDIS model continuum,
.e. the input spectrum from the inner boundary before photon
acket interaction occurs in the line-forming region. The differences
etween this continuum model and our best-fitting TARDIS model are
ue to photon–ion/atom interactions, and so they highlight which
egions of the spectrum are most affected by the expanding material.

Despite achieving quite good agreement between the model and
bservations between 0.5 and 1.25 μm, and in the region of the
r II absorption feature, there are noticeable discrepancies between

he model and the data. Recall that the spectrum is accurately
alibrated to photometric measurements across the full wavelength
ange. The disagreement in the NIR is likely due to the photospheric
pproximation within TARDIS (see Section 5 ). In our TARDIS models,
NRAS 515, 631–651 (2022) 
e have tuned the position of the photosphere such that it agrees
ith the data in the UV and optical parts of the spectrum. The code
oes not simulate anything beneath this boundary, and so we lose
ny information from NIR photons beneath this boundary. Therefore,
e expect our model continua at wavelengths, λ � 12 000 Å, to be
nderluminous relative to observations, since our NIR photon count
s lower than we expect from a real astrophysical explosion. Because
f this, we highlight that any difference between observations and
ur TARDIS models beyond this wavelength should not be interpreted
s support for a real NIR excess in the data, in the sense of the excess
roposed by two-component KN models (as in Chornock et al. 2017 ;
owperthwaite et al. 2017 ; Kasen et al. 2017 ; Coughlin et al. 2018 ).
The disagreement in the UV and optical part of the spectrum

s more informative with respect to the composition of the ejecta.
ur Y e −0.37a model spectrum exhibits too much absorption below
5000 Å. We have tuned the amount of material in the simulation

through the density parameter ρ0 ) such that the Sr II feature matches
he spectrum shape, but this leads to too much material causing
ignificant absorption in the blue, which is not observed. Assuming
hat the feature within ∼ 7000 –10 000 Å really is Sr II , this implies
hat the amount of Sr in our composition is too lo w, relati ve to the
ther elements in the Y e −0.37a composition profile. If we drop the
otal amount of material in the ejecta to reduce absorption in the blue
by reducing ρ0 ), and better match the data at wavelengths � 6000 Å,
he Sr II absorption feature becomes much too weak. This strongly
mplies that the data require a composition with higher Sr abundance
han that in Y e −0.37a (e.g. Y e −0.37b and Y e −0.44b). 

.2.2 Other Y e compositions 

 similarly good fit can be obtained using the Y e −0.37b
omposition, with parameters similar to those used for the
est-fitting Y e −0.37a model presented in Fig. 5 ( v min = 0 . 28 c,
 = 4500 K, and ρ0 = 10 −14 g cm 

−3 for the Y e −0.37b model, versus
min = 0.28 c , T = 4500 K, and ρ0 = 1.2 × 10 −14 g cm 

−3 for our best-
tting Y e −0.37a model). This is to be expected, since Y e −0.37a and
 e −0.37b exhibit similar compositions, at least across the dominant
ew elements (see Fig. 1 and Table 2 for a comparison between the
0 most abundant elements in each of the Y e composition profiles).
he abundance of Sr increases by a factor ∼1.7 from Y e −0.37a to
 e −0.37b, which is somewhat reflected in the drop in ρ0 needed to
t the Sr II feature in the observed spectrum with these composition
rofiles. 
Ho we ver, this Y e −0.37b model suffers from the same issue as

ur best-fitting Y e −0.37a model, namely that there is still too much
bsorption in the blue, which can be mostly attributed to Y and Zr
see the SDEC plot in the lower panel of Fig. 5 ). While the increase
n Sr abundance from Y e −0.37a to Y e −0.37b is fa v ourable (0.194 to
.331), the accompanying abundance increase in Zr (0.129 to 0.166)
s disfa v ourable. The Y ab undance decreases slightly, from 0.031
n Y e −0.37a, to 0.029 in Y e −0.37b. This small decrease does not
ignificantly impact our model spectra. Although the increase in Sr
bundance means we can now fit the Sr II absorption feature with less
otal ejecta material, an increase in the abundance of Zr counteracts
n y intended impro v ement we would hope to see in the blue end
f the spectrum. We plot this Y e −0.37b model alongside the + 1.4 d
-shooter spectrum in the upper panel of Fig. 6 . 
This pronounced line-blanketing effect seen in our models is not

oo surprising. Both Y and Zr are open d -shell elements, with many
o w-lying energy le vels, which, in turn, leads to significant absorp-
ion. Kawaguchi et al. ( 2021 ) show that the opacity contribution
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Figure 6. X-shooter spectra of AT2017gfo, taken + 1.4 (top panel) and 
+ 3.4 d (bottom panel) after the GW trigger, plotted alongside models with 
different Y e compositions. The Y e −0.44a, Y e −0.44b, Y e −0.37b, Y e −0.05a, 
and Y e −0.05b models are plotted in blue, red, orange, green, and pur- 
ple, respectively. Top panel: + 1.4 d X-shooter spectrum of AT2017gfo 
plotted alongside different composition models. The Y e −0.44a, Y e −0.44b, 
Y e −0.05a, and Y e −0.05b models retained model parameters identical to our 
best-fitting Y e −0.37a model presented in Fig. 5 , while our Y e −0.37b model 
had a lower value for ρ0 (10 −14 g cm 

−3 ), as discussed in the main text (see 
Section 6.2.2 ). Bottom panel: + 3.4 d AT2017gfo spectrum compared with 
different composition models. All models presented ( Y e −0.44a, Y e −0.44b, 
Y e −0.05a, and Y e −0.05b) retain model parameters identical to the best-fitting 
Y e −0.29a model, presented in Section 6.4 . 
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rom Y and Zr (as well as the lanthanides), can act as strong flux
uppressors at near-UV and optical wavelengths. Ristic et al. ( 2022 )
onclude the same, at least for the Zr case. 

F or completeness, we e xplore what our models predict with our
igh ( Y e −0.44a and Y e −0.44b) and low ( Y e −0.05a and Y e −0.05b)
 e composition profiles. We plot the model spectra corresponding 

o our best-fitting model parameters (for our best-fitting Y e −0.37a 
odel presented in Section 6.2.1 ), with both Y e −0.44a and Y e −0.44b

omposition profiles, in the upper panel of Fig. 6 , alongside 
he + 1.4 d X-shooter spectrum of AT2017gfo. The composition 
rofiles represented by Y e −0.44a and Y e −0.44b have the lightest 
lement compositions, and are relatively rich in Fe-group elements. 
hese model spectra both produce an absorption feature centred at 
6500 Å. This is produced by the Ca II 3d − 4p NIR triplet. This Ca II

riplet is analogous to the Sr II triplet due to their similar electronic
onfigurations, and is commonly observed in supernova spectra. 
espite Ca only being present in small quantities in our Y e −0.44a

nd Y e −0.44b compositions ( ∼1.5 and 0.4 per cent, respectively),
he triplet transitions are prominent in the model spectrum, and act
s a strong argument against the high Y e composition profiles. This
esult is in agreement with that presented by Domoto et al. ( 2021 ),
here they found that the Ca II NIR triplet was also prominent in

heir lanthanide-poor KN models. Although these models are a poor 
t to the data, they do serve to highlight what future KN events may

ook like at this epoch (assuming it is blue and dominated by ‘light’
jecta material). 

We also calculated TARDIS model spectra for the Y e −0.05a and
 e −0.05b composition profiles (which have X LN = 0.38 and 0.34,
espectively), and these models are plotted in the upper panel of
ig. 6 . These models are significantly redder, as the y hav e much
tronger absorption in the optical, and they fail to produce the 
1 μm Sr II feature. Clearly these models do not match observation,

ut they do demonstrate how early spectra may appear if lanthanide-
ich KNe are found in the future (and there is no blue component).
hese peak at wavelengths within ∼7000–8000 Å, indicating the 
 -band is likely to be the ‘sweet spot’ for searching for distant,
anthanide-rich KNe. Finally, we note that the heavy element 
 e −0.05a and Y e −0.05b composition profiles contain significant 
latinum and gold, and, in agreement with Gillanders et al. ( 2021 ),
e find no signatures of these in the AT2017gfo spectra. 

.2.3 F irst r -pr ocess peak model 

he dominant elements in our best-fitting Y e −0.37a model spectrum 

t the blue end ( λ � 6000 Å) of the spectrum are Y and Zr. This is
lear from looking at the SDEC plot in the lower panel of Fig. 5 . Our
odel clearly exhibits strong absorption from Y and Zr at the blue

nd, and prominent Sr absorption within ∼ 7000 –10 000 Å. 
From various r -process studies (see Arnould, Goriely & Takahashi 

007 , for a re vie w on the r -process), we expect that if Sr is
ynthesized, then these other two first r -process peak elements must
lso be synthesized. Ho we ver, if we tune the amount of Sr to match
he data, while keeping the mass fractions fixed, then this leads to
oo much absorption from Y and Zr. This implies that the relative
atios of Sr : Y : Zr in our Y e −0.37a composition (and, by extension,
n Y e −0.37b) may not represent what is observed in AT2017gfo. We
hus generated models consisting purely of these three species, and 
reely varied their relative ratios, and ρ0 , while keeping all other
odel parameters from our best-fitting Y e −0.37a model fixed. 
We found that to fit the observations, we need a value of

0 = 4 × 10 −15 g cm 

−3 , a factor of 3 lower than our best-fitting
 e −0.37a model. We also found that we need more Sr than both
 and Zr combined. We fa v our a simple model consisting of 75 per

ent Sr, no Y, and 25 per cent Zr (a ratio of 3 : 0 : 1), whereas, for
omparison, Y e −0.37a contains 19.4 per cent Sr, 3.1 per cent Y, and
2.9 per cent Zr ( ∼6 : 1 : 4), and Y e −0.37b contains 33.1 per cent Sr,
.9 per cent Y, and 16.6 per cent Zr ( ∼11 : 1 : 6). The solar r -process
omposition (calculated by taking the total solar abundance from 

splund et al. 2009 , and subtracting off the s -process contribution
rom Bisterzo et al. 2014 ) has relative ratios of ∼6 : 1 : 3. We note
hat there is some de generac y between Y and Zr in our models, since
hey both contribute to the blanket absorption at the blue end of the
pectrum. As such, with this new best-fitting model composition, 
e emphasize that we are not claiming that there is zero Y present

n the ejecta of AT2017gfo; we simply find that we can adequately
MNRAS 515, 631–651 (2022) 
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M

Figure 7. X-shooter spectrum of AT2017gfo, taken + 2.4 d after explosion, 
plotted alongside the best-fitting Y e −0.29a model (blue), the continuum from 

this best-fitting model (orange), and the best-fitting Y e −0.29a model, but with 
all transitions originating from species with Z > 56 remo v ed (red). 
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eproduce the o v erall shape of the spectrum with just Sr and Zr (see
he discussion in Section 7.2 on the uncertainty in Sr II ionisation). 

Fig. 5 compares the best-fitting Y e −0.37a TARDIS model with the
 1.4 d X-shooter spectrum of AT2017gfo. Plotted alongside is our

est-fitting model composed purely of Sr and Zr, which we refer to as
ur ‘1 st r -peak’ model. Removal of additional species outside of the
rst r -process peak, as well as adjusting the relative abundances of

he first r -process peak elements, impro v es the agreement between
he model and observations. Quite a satisfactory fit is found with this
imple composition. 

.3 Epoch 2: + 2.4 d spectrum 

he second X-shooter spectrum of AT2017gfo, taken + 2.4 d after the
W trigger, exhibits a significantly redder SED than that observed a
ay earlier. This rapid colour evolution is most pronounced between
he first and second epochs; subsequent spectra have SEDs similar to
his + 2.4 d spectrum. Here, we can broadly reproduce the SED with
 much cooler continuum, where T = 3600 K. Our best-fitting com-
osition profile for this epoch is Y e −0.29a. This composition profile
ontains significantly more heavy elements than Y e −0.37a (a factor
f ∼430 higher), which produce strong line-blanketing at the bluer
avelengths. It is this strong absorption that produces the observed
ux suppression at wavelengths � 7000 Å. Fig. 7 shows our best-
tting Y e −0.29a model compared to observation. We are again able

o reproduce the strong absorption feature within ∼ 7000 –10 000 Å
ith the Sr II triplet. Fitting this feature with Sr constrains the min-
NRAS 515, 631–651 (2022) 
mum ejecta velocity, v min = 0 . 20 c, and ρ0 = 4.0 × 10 −15 g cm 

−3 .
his corresponds to a Sr II mass, M Sr II = 1.9 × 10 −6 M �. 
The TARDIS model produces a prominent P-Cygni line profile

rom the Sr II transitions at this epoch, with the model emission
omponent peaking at ∼1.0 μm. It provides a reasonable but not
erfect match to the shape of the observed spectrum, and indicates
hat even a small amount of Sr results in a strong observed feature.
ecall that we are using the macroatom line interaction treatment,
hich accounts for fluorescence effects that may impact the relative

trengths of the absorption and emission components of this Sr II P-
ygni feature. This further supports the results presented by Watson
t al. ( 2019 ), who proposed Sr II as the ion producing the absorption
nd the P-Cygni line in these first two X-shooter spectra, although
heir TARDIS models did not produce a strong emission component.
ur match to the continuum in the NIR suffers from the same issue as
iscussed previously in Sections 5 and 6.2.1 , and cannot necessarily
e interpreted as an NIR excess. 
As in Section 6.2.1 , we also plot the continuum from our best-

tting model to highlight the effects of the line-forming region
n the emergent spectrum. To demonstrate the important effect
hat the heavy r -process elements have on our best-fitting model,
nd continuum suppression at blue wavelengths, we remove all
ransitions belonging to any species heavier than Ba ( Z > 56), and
e-generate our best-fitting model. Fig. 7 shows that without the
nclusion of the lanthanides (57 ≤ Z ≤ 70), we cannot reproduce the
ux distribution below ∼7000 Å in the observed spectrum. The ions

hat dominate the line blanketing are the lanthanides Ce II , Nd II ,
d III , Sm II , and Eu II , and the lanthanide mass fraction in this

omposition is X LN = 0.05. This result is in contrast to the TARDIS

odels presented by Watson et al. ( 2019 ), where they proposed that
o heavy element ( Z > 38) contribution was necessary in their models
o reproduce the blue ends of the + 2.4 to 4.4 d X-shooter spectra. 

.4 Epoch 3: + 3.4 d spectrum 

he evolution of the SED of AT2017gfo between epochs 2 and 3
s not as pronounced as that observed between epochs 1 and 2.
he spectrum still contains the broad P-Cygni feature within 
7000–100 00 Å. It also appears to have strong flux suppression

t the blue end of the spectrum. We were again able to fit this
poch with the Y e −0.29a composition, but with cooler ejecta, and a
lower moving inner boundary ( T = 3400 K and v min = 0 . 15 c). We
nd a reasonable match to the feature within ∼ 7000 –10 000 Å with

he same ρ0 value as the previous epoch ( ρ0 = 4.0 × 10 −15 g cm 

−3 ),
hich corresponds to a Sr II mass, M Sr II = 6.1 × 10 −6 M � in the line-

orming region. 
The shape of the spectrum at wavelengths � 6000 Å is not
atched exactly, but the lanthanides in the Y e −0.29a composition

lay a significant role. The best-fitting model is compared to the
bserved spectrum in Fig. 8 . As in Section 6.3 , we generate a
omparison model with no lines from species with Z > 56, to
ighlight the importance of these heavy species. We propose that the
resence of lanthanides is a requirement to suppress the flux within 
4500–7500 Å through line blanketing. Without these ions the

pectrum is significantly different, with elevated flux levels in the
lue, as demonstrated in Fig. 8 . The NIR region of the spectrum
uffers from the same issue as the previous models, and we note that
here are now two emission features prominent abo v e the continuum,
o which we will return in Paper II. 

As in Section 6.2.2 , we generate some models for our high
 Y e −0.44a & Y e −0.44b) and low ( Y e −0.05a & Y e −0.05b) Y e com-
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Figure 8. X-shooter spectrum of AT2017gfo, obtained + 3.4 d after explo- 
sion, plotted alongside the best-fitting Y e −0.29a model (blue), the model 
continuum (orange), and the same model but with all transitions from species 
with Z > 56 remo v ed (red). 
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Figure 9. X-shooter spectrum of AT2017gfo, obtained + 4.4 d post- 
explosion, plotted alongside the best-fitting Y e −0.29a model (blue), the model 
continuum (orange), and the same model but with all transitions from species 
with Z > 56 remo v ed (red). 
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osition profiles, to demonstrate that neither are viable compositions 
see the lower panel of Fig. 6 ). As in the + 1.4 d case, the Y e −0.44a
odel produces a strong absorption feature due to the Ca II NIR

riplet. This feature is not prominent in the Y e −0.44b model, likely
ecause of the lower Ca abundance ( ∼1.5 per cent in Y e −0.44a,
ersus ∼0.4 per cent in Y e −0.44b). Both of the high Y e compositions
xhibit a very pronounced Sr II NIR triplet absorption feature, which 
s much stronger than the equi v alent feature in the observed spectrum
t this epoch. Our low Y e models ( Y e −0.05a and Y e −0.05b) have
uch stronger absorption in the optical, and fail to produce the 
1 μm emission feature (likely the Sr II triplet P-Cygni emission).
his is due to the absence of any substantial amount of Sr material

n these composition profiles. They have a strong flux deficit in the
lue and a peak at ∼9000 Å (in the z-band filter). This set of models
ct to highlight what future observations of either lanthanide-poor or 
anthanide-rich KN events may look like, a few days after explosion. 

.5 Epoch 4: + 4.4 d spectrum 

ue to the photospheric approximation within TARDIS , the code is
ncapable of reliably modelling the spectra of AT2017gfo beyond the 
ime when the inner regions of the ejecta become optically thin. The
apid evolution of AT2017gfo could potentially present a problem 

ith interpreting the spectra beyond a few days. It is not immediately
lear beyond what epoch the spectra can no longer be adequately 
odelled with a single-temperature blackbody photosphere. Hence, 

or the + 4.4 d spectrum, we do not focus on iterating o v er model
arameters in detail, but simply evolve our best-fitting model from 

he second and third epoch. We modified only the ejecta temperature
nd minimum velocity of the ejecta to which we are sensitive, and
nd reasonable agreement between the observed spectrum and our 
ARDIS model, using T = 3200 K and v min = 0 . 12 c (and using the
 e −0.29a composition with ρ0 = 4.0 × 10 −15 g cm 

−3 ). The resultant
est-fitting model is presented in Fig. 9 . 
The strong absorption feature, present in the + 1.4 to 3.4 d

pectra within ∼ 7000 –10 000 Å has evolved into a strong and
rominent P-Cygni feature that is in net emission. The lower panel of
ig. 9 contains the SDEC plot for our best-fitting Y e −0.29a model,
nd this P-Cygni feature is clearly still reproduced in our model
pectra by the Sr II triplet, as in the previous epochs. With a Sr II
ass, M Sr II = 1.1 × 10 −5 M �, our model seems to obtain reasonable

greement with the emission component, with an associated weak 
bsorption component. The spectrum shape around the absorption 
rough is not quantitatively well reproduced by our model, although 
he velocity distribution of the material broadly appears to represent 
hat is observed. The shape of the line-blanketed region of the

pectrum at wavelengths � 7500 Å does not exactly match the 
bserved data, but again, the inclusion of a lanthanide mass fraction,
 LN = 0.05, in the Y e −0.29a composition is required to significantly

uppress the otherwise blue flux that would be produced by a
ontinuum with T = 3200 K. 

As we have done for the previous two epochs, in Fig. 9 we plot the
est-fitting Y e −0.29a model, but with all contributions belonging to 
lements with Z > 56 remo v ed, illustrating the essential requirement
MNRAS 515, 631–651 (2022) 
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Figure 10. + 5.4, + 6.4, and + 7.4 d X-shooter spectra of AT2017gfo, plotted 
alongside their best-fitting Y e −0.29a models (blue), their model continua 
(orange), and the same models but with all transitions from species with 
Z > 56 remo v ed (red). The + 5.4, + 6.4, and + 7.4 d models have temperatures, 
T = 3200, 3100, and 2900 K, and inner boundary velocities, v min = 0.09, 
0.07, and 0.05 c , respectively. All three models have the same value for 
ρ0 (4 × 10 −15 g cm 

−3 ). The observed spectra and corresponding models 
have been offset for clarity (5 × 10 −17 erg s −1 cm 

−2 Å−1 for + 5.4 d, and 
2 × 10 −17 erg s −1 cm 

−2 Å−1 for + 6.4 d). 
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f strong line absorption by these heavy elements, and the lanthanides
n particular. Given the uncertainties in the line lists and atomic data
or the lanthanides, their heavy influence on the data, and uncertainty
f the photospheric assumption at this epoch, we suggest that this
s a satisfactory reproduction of the data. The NIR region of the
pectrum suffers from the same issue as previous models, and the
wo emission features noted in the previous epoch spectrum are still
rominent abo v e the continuum. We discuss these further in Paper
I. 

.6 Epochs 5–7: + 5.4 to 7.4 d spectra 

n Section 6.5 , we highlighted the uncertainty that potentially arises
rom the photospheric approximation within TARDIS . It is not clear
hether beyond ∼3 d AT2017gfo remains in a fully photospheric

egime (also see discussion in Gillanders et al. 2021 ). Despite
his, we managed to find a reasonable match to the spectrum at 
 4.4 d (Fig. 9 ), which we take to imply that the material is still in the

iffusion phase. In a similar vein, we evolve our best-fitting TARDIS

odel further in time, to explore how well our models continue to
esemble the observed spectra. To this end, we forward-evolve our
ARDIS models to about one week post-explosion. 

Our best-fitting models for the X-shooter spectra of AT2017gfo
t + 5.4, + 6.4, and + 7.4 d are shown in Fig. 10 . Our values for
 min continue to decrease, as is the trend exhibited across all epochs
e have modelled thus far. The temperature also follows a general

rend of decreasing with time, apart from the fifth epoch, where
e find good agreement with the same temperature as the previous

poch ( T = 3200 K, v min = 0 . 09 c, and ρ0 = 4 × 10 −15 g cm 

−3 ). As
n the previous cases, we also plot the continua of our best-fitting

odels, and our models with all transitions from species with Z > 56
emo v ed. These model spectra are all plotted in Fig. 10 , alongside
he + 5.4 d AT2017gfo spectrum, for comparison. 

Comparing with the + 5.4 d spectrum of AT2017gfo, the model
pectrum still produces a strong Sr II triplet feature. This is in reason-
ble agreement with the persistent feature at the same wavelength in
he observ ational data. Ho we ver, the absorption in the TARDIS model
s much stronger than that in the observed spectrum (if indeed the
bserved spectrum even exhibits absorption). Clearly, there is either
ess absorption in the observations than in our model, or there is
omething ‘boosting’ the flux in the observed data at the position
f the Sr II triplet absorption. As has been shown for the previous
pochs, removing the heavy elements ( Z > 56) ne gativ ely impacts
he fit to the data at wavelengths � 8000 Å. 

The evolution through to + 6.4 d follows the same trend as
revious epochs, with a good fit obtained using the Y e −0.29a
omposition profile, and the same density profile as before. The
alues for T and v min decrease, as expected. Our best-fitting model
 T = 3100 K, v min = 0 . 07 c, and ρ0 = 4 × 10 −15 g cm 

−3 ) is presented
n Fig. 10 . We also illustrate a model with all elements with
 > 56 remo v ed from the line-forming re gion. As previously demon-
trated, there is significantly more flux produced at wavelengths 
6000–8000 Å when these heavy elements (specifically the lan-

hanides) are remo v ed. While we are unsure if the inner boundary ap-
roximation within our TARDIS model is still valid, this model broadly
esembles the observed spectrum. Ho we ver, it is beginning to fail to
ccurately reproduce the shape around the feature we attribute to Sr II
t earlier epochs. The absorption present in the model P-Cygni Sr II
eature is not present at all in the observed spectrum. Additionally, the
mission component is too strong, compared with the observational 
ata. 
NRAS 515, 631–651 (2022) 
Finally, we present our model evolved forward to the same epoch
s the + 7.4 d X-shooter spectrum of AT2017gfo. At this epoch,
he agreement between our model and the observed spectrum is
oor. Our model produces a Sr II emission feature that peaks at
he same wavelength as the prominent emission feature in the
bserved data, but the shape of the blue side of the feature does not
atch observation. Additionally, the model still shows an absorption

omponent from the Sr II triplet, while there is no longer any evidence
f absorption in this region of the observed spectrum. For this model,
e have T = 2900 K, v min = 0 . 05 c and ρ0 = 4 × 10 −15 g cm 

−3 . In
eneral, beyond matching the peak of the Sr II feature, the model
oes not agree with the observations. 
The models appear to no longer capture the broad appearance of

T2017gfo beyond ∼6–7 d, and so we opted to cease modelling
ny subsequent spectra using TARDIS . It appears that the spectra
aken from + 0.5 to 4.4 d are able to be physically reproduced
y TARDIS , with its inner boundary, single-temperature blackbody
pproximation. The + 5.4 and + 6.4 d spectra appear to be in a
ransition regime, where the code can still adequately reproduce
he observations, with some caveats as highlighted above. Ho we ver,
y + 7.4 d, our TARDIS model fit is poor, implying that TARDIS is no
onger suitable for modelling the ejecta. 
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Figure 11. + 1.4 d X-shooter spectrum of AT2017gfo plotted alongside our 
Y e −0.29a composition model (blue), and the same model, but with all 
transitions from species with Z > 56 remo v ed (red). Also plotted is our 
best-fitting 1 st r -peak model (orange), for comparison. 
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The H - and K -band regions of the spectrum have developed two
nteresting features (as previously noted in Sections 6.4 and 6.5 ). 
here are two broad emission-line profiles, centred in each band, 
hich we will return to quantitatively in Paper II. Despite the 
ifficulty TARDIS has with reproducing a reliable continuum in the 
IR (as discussed in Sections 5 and 6.2.1 ), these features appear to
e broad-line profiles in emission, enhancing the NIR flux o v er the
seudo-thermal continuum. 

 DISCUSSION  A N D  INTERPRETATION  

.1 Composition 

ur analysis shows that the X-shooter spectrum taken + 1.4 d after
erger is notably different from the subsequent epochs. The observed 

pectrum is blue and the continuum from our two most closely 
tting models ( T = 4500 K and v min = 0 . 28 c) broadly reproduces

he observed spectral shape from the near-UV through the optical 
egion (Fig. 5 ). We can produce a fairly satisfactory model with a
omposition composed entirely of first r -process peak species. We 
onfirm that the broad absorption feature within ∼ 7000 –10 000 Å
an be reproduced by the Sr II NIR triplet, as first proposed by Watson
t al. ( 2019 ). Ho we ver, our best-fitting model requires a ratio of
rst r -process peak elements that deviates from the solar r -process
omposition, with mass fractions of 75 per cent Sr, 25 per cent Zr and
ero Y (which we labelled ‘1 st r -peak’ in Section 6.2.3 ). Employing
he mass fractions in the Y e −0.37a model indicates that even modest
mounts of Y (3.1 per cent) and Zr (12.9 per cent) are enough to
ause excess absorption at wavelengths � 5000 Å, impairing the 
uality of the fit (Fig. 5 ). The ratio of these three elements is close to
olar in our Y e −0.37a composition profile. Therefore, either the true 
omposition is somewhat different to the solar ratio, or the ionisation 
ractions of these elements are not being captured correctly (which 
e explore further in Section 7.2 ). 
The Y e −0.37a composition has a very low lanthanide mass 

raction ( X LN � 10 −4 ), and our 1 st r -peak composition, by definition,
as X LN = 0. The presence of even moderate quantities of heavy
anthanide species is enough to significantly alter the model at 
avelengths � 6000 Å. To illustrate this, we generated a model 
ith the Y e −0.29a composition profile, which contains a modest 

anthanide mass fraction ( X LN = 0.05), and plot this against the 
 1.4 d X-shooter spectrum of AT2017gfo (see Fig. 11 ). We also plot

he same model, but with all transitions from species with Z > 56
emo v ed, for completeness. Finally, we also include our best-fitting
 

st r -peak TARDIS model, presented in Section 6.2.3 . Clearly, even
odest quantities of the complex lanthanide elements is enough 

o cause the model to deviate strongly from the observations. The 
bsorption feature, which we attribute to the Sr II triplet feature, 
s not reproduced by this Y e −0.29a model, as there is not enough
r II present. Although increasing the total amount of material in 

he model (through increasing ρ0 ) would produce this feature, the 
eviation between the model and observed spectra at wavelengths 
lueward of this Sr II feature would become even more pronounced. 
This indicates that there cannot be any significant quantity of 

anthanide material present in the line-forming region that produces 
he + 1.4 d spectrum. Further analysis to constrain the amount of
anthanides that can be permitted at this epoch provided an upper limit
n the mass fraction of lanthanide material, X LN � 5 × 10 −3 . This is
n reality expected to be lower, since, at this model temperature, most
f our lanthanide material is doubly ionized, and our atomic data are
uite sparse for these ions. All of the abo v e supports the idea that
he earliest optical emission (up to ∼1–2 d after merger) is free from
ny significant quantity of lanthanide material, and is dominated by 
ight (first r -process peak) material. 

Ho we ver, we find a distinct difference in the required composition
or all subsequent epochs, compared to the first epoch composition. 
or the spectra at + 2.4 to 4.4 d, we find good agreement with the
ata using the Y e −0.29a composition profile. We find that it is
ow necessary to have some modest amount of lanthanide material 
 X LN = 0.05) to produce the required level of line absorption at
avelengths � 7500 Å, to replicate the observed spectra. To highlight

his point further, we generated models for epochs 2–4, with the
ompositions that w ork ed best for the first epoch spectrum (the
 e −0.37a composition profile with X LN � 10 −4 , and our 1 st r -peak
odel). Fig. 12 shows that the models fail to match the data, and

hey suffer from the same issue as the Y e −0.29a models with all
ransitions belonging to species with Z > 56 remo v ed (presented in
ections 6.3 –6.5 ). 
To determine how sensitive our models are to the presence of

anthanide material, we varied X LN in our best-fitting Y e −0.29a 
omposition profile models, across epochs 2–7. We find that our 
odels can tolerate a variation in X LN of a factor � 2. The optimal

anthanide mass fraction varies slightly from epoch to epoch, but 
ypically our TARDIS models are insensitive to variations in X LN within
he range 0.03 � X LN � 0.10. Here we again note that our analysis
s subject to systematic uncertainties introduced from relying on 
ncomplete atomic data for these lanthanide species. Although we 
re now in a regime where most of the lanthanide material is singly
onized (for which we have DREAM data), these data are expected 
o be quite incomplete. Ho we ver, since the DREAM atomic line lists
re obtained e xperimentally, the y are likely to preferentially feature
tronger lines, which we na ̈ıvely expect to dominate the spectrum.
ow much of an effect the many weaker lines that we have not

ccounted for would have cannot be quantitatively determined. As 
 result, our lanthanide mass fraction constraints may be higher 
han we would infer if we had access to a complete line list for
ll lanthanide species. Despite such uncertainties, we argue that we 
ave placed meaningful constraints on X LN . Domoto et al. ( 2021 )
ompare model light curves for AT2017gfo, one generated from an 
ncomplete atomic line list, and the other generated from theoretical 
ine lists. They showed that the incompleteness of atomic data 
oes not substantially affect their model light curves or synthetic 
pectra at + 1.5 d. Additionally, Kasen et al. ( 2017 ) show that they
MNRAS 515, 631–651 (2022) 
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M

Figure 12. X-shooter spectra of AT2017gfo, taken + 2.4, + 3.4, and 
+ 4.4 d after explosion, compared with our forward modelled best- 
fitting Y e −0.37a (blue) and 1 st r -peak (red) models for the + 1.4 d X- 
shooter spectrum. The observed spectra and corresponding models have 
been offset for clarity (0.6 × 10 −16 erg s −1 cm 

−2 Å−1 for + 2.4 d, and 
0.3 × 10 −16 erg s −1 cm 

−2 Å−1 for + 3.4 d). 
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an broadly reproduce the light curves and SEDs of AT2017gfo
ith two components, one of which has a lanthanide mass fraction,
 LN = 10 −1.5 � 0.03, which is consistent with the value we invoke

or our modelling (0.03 � X LN � 0.10). Coughlin et al. ( 2018 ) also
resent two-component models that they use to model both the light
urve and early spectra of AT2017gfo. From their models, they
nfer log 10 ( X LN ) = −1 . 61 + 0 . 96 

−1 . 04 ( X LN � 0.025) from their light-curve
nalysis, and log 10 ( X LN ) = −1 . 52 + 0 . 97 

−0 . 98 ( X LN � 0.030) from their
pectral modelling. Both of these values are similar to those invoked
y Kasen et al. ( 2017 ), and lie close to our inferred values. 
Considering all of the abo v e, we reach the strong conclusion that

ithout the heavy lanthanide elements present in some moderate
uantity ( X LN � 0 . 05 + 0 . 05 

−0 . 02 ), the Y e −0.29a model spectra cannot
roduce enough absorption at wavelengths � 7500 Å to match the
bservations, from + 2.4 to 7.4 d. 
The flux-calibrated X-shooter spectra within + 2.4 to 4.4 d are

istinctly red, with the bulk of the flux emitted at wavelengths
 8000 Å (as originally noted by Chornock et al. 2017 ; Kasliwal

t al. 2017 ; Pian et al. 2017 ). Our analysis suggests that this is a direct
esult of the strong line absorption of the lanthanides. In our models
t is the result of cerium, neodymium, samarium and europium in
articular, but without complete atomic data, it is hard to positively
dentify which species will dominate, and which we can rule out.
t is the absorption deficit in the blue that is the primary cause of
he ‘NIR excess’ and the apparent ‘red kilonova’ appearance from
 2.4 d onward. Previous theoretical works (e.g. Barnes & Kasen
NRAS 515, 631–651 (2022) 
013 ; Kasen, Badnell & Barnes 2013 ; Tanaka & Hotokezaka 2013 ;
ontes et al. 2015 ; Kasen et al. 2017 ; Wollaeger et al. 2018 ) had
redicted that such line absorption by the complex lanthanide ions
 ould be lik ely in KNe, and that it w ould significantly alter the

pectrum shape. Ho we ver, we note that our lanthanide mass fraction
equirement is relatively modest ( X LN � 0 . 05 + 0 . 05 

−0 . 02 ), and we can reject
 very lanthanide-rich composition. 

Therefore, we have evidence supporting a disjointed composition,
n which the first X-shooter spectrum, at + 1.4 d, requires a different
omposition to all the others, and the + 2.4 to 7.4 d spectra are
easonably well reproduced with a consistent abundance profile. The
jecta in the first 1–2 d after merger appear to be dominated by a
ight, lanthanide-free component, travelling at high velocities. This
s followed by another, slower moving component, with a modest (but
ignificant) lanthanide mass fraction that contributes significantly to
he observed spectra � 2 d. This could be indicative of stratified
jecta. At very early times, a significant portion of the inner ejecta
aterial will be optically thick. As a result, any emergent spectra will

e dominated by continuum contribution, with the only deviations
rising from the small amount of optically thin material at the outer
dges of the ejecta. Ho we ver, with increasing time, the ejecta material
ill expand and cool, such that we can ‘see’ deeper into the ejecta,
here the heavier elements would reside. Therefore, we would expect

o see some composition evolution as the ejecta material expands and
ools with time, lending credence to the idea of stratified material. 

Alternatively, this could be evidence in fa v our of the two-
omponent model for BNS mergers (e.g. as presented by Kasen
t al. 2017 ), with the blue component dominating at + 1.4 d, and the
ed component dominating beyond � 2 d. This temporal separation
between 1 and 2 d) of the blue and red components is also consistent
ith the photometric analysis of the light curve by Cowperthwaite

t al. ( 2017 ) and Villar et al. ( 2017 ) in particular. If the spectra are
ndeed produced by two components, our TARDIS ejecta velocities
an be seen to broadly agree with the velocities expected for the
ynamical and disc wind components at these epochs. As previously
iscussed in Section 1 , for dynamical ejecta, we expect ejecta speeds
etween 0 . 2 –0 . 3 c, and for disc wind ejecta, speeds on the order of

0 . 1 c. In Table 3 , we present the v min values of our best-fitting
ARDIS models for the first four epochs, and these broadly agree with
he notion of the earliest epoch being dominated by a blue ejecta
omponent (dynamical) and subsequent epochs being dominated by
 red ejecta component (disc wind). This would be consistent with
he Kasen et al. ( 2017 ) model of the ‘squeezed dynamical’ blue
omponent and a red disc wind formed when the remnant collapses
romptly to a black hole. 
In this work, we find agreement with the primary result presented

y Watson et al. ( 2019 ), where they identify Sr II as the source of
he strong absorption feature within ∼ 7000 –10 000 Å in the early
pectra of AT2017gfo. As we include all available atomic data for the
econd r -process peak, we also agree with Watson et al. ( 2019 ) that
his absorption is not due to neutral Cs or Te, as originally proposed
y Smartt et al. ( 2017 ). Ho we ver, our conclusions differ from the
ther TARDIS modelling conclusions of Watson et al. ( 2019 ). For the 
 1.4 d X-shooter spectrum, we find good agreement between obser-

ation and our TARDIS models by invoking a composition dominated
y first r -process peak elements. Specifically, we find that Zr absorp-
ion is required to match the blue end of the spectrum ( λ � 5000 Å)
nd we produce quite a satisfactory fit across all wavelengths. The
atson et al. ( 2019 ) TARDIS model fails to reproduce the observed

pectrum blueward of the Sr II feature, being underluminous at
6000 Å, and lacking absorption below ∼4500 Å. The subsequent

ARDIS models for the + 2.4 to 4.4 d spectra presented by Watson
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Figure 13. Distribution of Sr II mass in all of the TARDIS models presented 
in this work. The models have been binned into shells with width 0 . 01 c, and 
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t al. ( 2019 ) are incomplete matches to the data, as they fail to
eproduce the emission of the Sr II P-Cygni line, and the inclusion of
he heavier r -process elements (in solar abundance ratios) produces 
oo much blue absorption. 

This is not a criticism of the Watson et al. ( 2019 ) TARDIS work,
ince their primary aim was to show that the Sr II line formation
n a TARDIS model produced consistent results with the simpler P-
ygni line formation calculation, and that conclusion appears quite 

olid. Here we have performed a more systematic and thorough 
nalysis, and have considered the entire wavelength range, with 
onsistent compositions and TARDIS densities and velocities. Thus, 
e consider that we have confirmed the primary result of Watson et al. 

 2019 ), b ut ha ve gone further by illustrating that either a layered or
wo-component model is required, with a lanthanide mass fraction, 
 LN � 0 . 05 + 0 . 05 

−0 . 02 required from + 2.4 d onward, and a lanthanide-free
omposition ( X LN � 5 × 10 −3 ) required at + 1.4 d and earlier. 

If the prominent ∼ 7000 –10 000 Å feature is indeed produced by 
he Sr II triplet, then, as the ejecta evolve to become optically thin, we

ight expect the [Sr II ] doublet to appear in emission (at 6738.4 and
868.2 Å, in air). This is the equi v alent of the strong [Ca II ] 7291.5
nd 7323.9 Å doublet (in air) that is prominent in the nebular spectra
f many supernovae. The electronic configurations of these ions are 
imilar (they are both Group 2 elements) and the forbidden doublet is
roduced from the de-excitation of the lower levels of the Sr II triplet
4p 6 4d 2 D to ground). This is not observed in the X-shooter spectra,
nd we discuss this problem in more detail in Paper II. 

.2 Ionisation and atomic data uncertainties 

ere we explore how ionisation uncertainties may affect our model 
arameters. We generally have judged the quality of our fits based 
n the required line-blanketing at wavelengths � 6000 Å, and the 
t to the Sr II absorption feature. At + 1.4 d, with our best-fitting

emperature and density, it is important to note that almost all of the
r is doubly ionized (Sr III ). The two models that most closely match

he data at + 1.4 d ( Y e −0.37a and 1 st r -peak) contain 4.7 × 10 −5 and
.0 × 10 −5 M � of Sr in the line-forming region, only ∼0.3 and 0.2
er cent of which is Sr II (see Table 3 ). Ho we ver, these two best-
tting models for the first epoch contain much more total Sr mass

han the subsequent models, due to the relatively high temperature 
n the line-forming region ( T = 4500 K), and the low fraction of Sr
n the singly ionized state. The relative mass fraction of Sr required
n our best-fitting composition profiles drops from ∼20 and 75 per 
ent to ∼3 per cent, between the first epoch and the next three (see
able 3 ). Therefore, we should be careful with inferring the details
f the composition in the first epoch primarily from the appearance 
f Sr II absorption, when Sr II is a trace ion in the ejecta. 
The exact amount of Sr II in the line-forming region is strongly

ensitive to small variations in temperature (and to a lesser extent, 
ensity). Reducing T or increasing ρ0 leads to more Sr II present in
he model (and less Sr III , since both of these modifications act to
educe the ionisation of the ejecta material). Uncertainty in either of
hese model parameters, or in the ionisation approximation in our 
ARDIS models, strongly affect the relative ratio of Sr II /Sr. Without
ore rigorous constraints on the ionisation state of the plasma, 
e cannot determine whether our ionisation approximation within 

ARDIS is sufficiently accurate. For these models, we suffer from the 
ack of additional features that we can tie to other species. If we
ould constrain the identification of one (or both) of the strong NIR
mission features to some species, then we may be able to better infer
roperties of the plasma from how highly ionized the ejecta needs to
e to produce this species. 
This (potential) uncertainty in the ionisation of Sr is not as
ignificant an issue for the later models, where the mass of Sr II is
omparable to, or larger than, the mass of Sr III . Despite this, we are
easonably confident in the estimate of the amount of Sr II required
o produce the observed absorption feature within ∼ 7000 –10 000 Å
n the + 1.4 d spectrum, but with some uncertainty in the total Sr

ass. It is clear that the mass of Sr II increases with time across
pochs 1–7 (see Table 3 and Fig. 13 ). In Fig. 13 , we plot the Sr II
ass distributions for all of our best-fitting TARDIS models presented 

n this work. The Sr II mass has been binned into shells, with width
 . 01 c, and so the plot illustrates the total mass of Sr II in each shell
n the model. The mass of Sr II increases with time, both in each
hell (due to the drop in ionisation, which leads to a drop in the
mount of Sr III in the model), and across the entire line-forming
egion (primarily due to the recession of the inner boundary). 

Here we note the one exception to this trend. In our fifth epoch
odel, the ionisation of Sr is higher than our model for the fourth

poch, which leads to less Sr II material in the outer velocity bins.
his is simply a result of our model temperature remaining constant
etween epochs four and five ( T = 3200 K). Since the ionisation of
he ejecta material is sensitive to changes in T and ρ0 , and our model
emperature remains constant, the model ionisation is impacted by 
he small decrease in density, which acts to slightly increase the
onisation. Considering all of the abo v e, this indicates that, despite
ur uncertainty in the ionisation of Sr (especially at the first epoch),
MNRAS 515, 631–651 (2022) 
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ur Sr II mass evolution with time behaves as expected. We also
onclude that, since Sr II is a trace element in the + 1.4 d model,
he uncertainty in the ionisation state of the element means that
e cannot be definitive in ruling out a solar abundance ratio of
r : Y : Zr (as discussed in Section 6.2.3 ). A better understanding
f the ionisation of Sr, beyond a simple LTE approximation, would
ncrease the reliability of our Sr mass estimate (and therefore our
otal mass estimate) at early times. 

The DREAM database is an extremely useful source of experimen-
ally verified lanthanide data. Although it may be incomplete, the
mportant contribution from the lanthanides is expected to be at blue
avelengths ( � 6000 Å), due to line blanketing from a multitude
f similar strength lines between low-lying levels (Barnes & Kasen
013 ; Kasen et al. 2013 ; Tanaka & Hotokezaka 2013 ; Tanaka et al.
020 ). Similar behaviour is expected for all lanthanide species,
nd so, having incomplete data for some of these species (at UV
nd optical wavelengths) may not cause a significant problem in
ur modelling. It is a multitude of lines that create the depressed
ontinuum, rather than a small number of transitions shaping broad-
ine profiles. Therefore, we expect our constraint on the total mass
raction of lanthanide material to be reasonably secure, but do not
lace any particular focus on the mass fractions of individual species.
The largest source of uncertainty in our analysis is the lack of

omplete and reliable atomic data. There is a serious lack of any
ata for some potentially important elements in our modelling.
pecifically, we are lacking good atomic data for the second r -process
eak elements that are dominant in our Y e −0.29a composition profile,
.g. Ru, Sn, and Te. We also suffer from incomplete data for many
thers. F or e xample, only three of the lanthanide species that we
ncluded from DREAM have data for transitions with λ > 1 μm (La I ,
r IV, and Yb II ). This prev ents us from e xploring an y NIR modelling
ith the majority of the lanthanide species. Further spectroscopic
odelling of AT2017gfo (and future KNe) would benefit from new

tomic data calculations, with a particular focus on extending current
ata sets beyond 1 μm, and on calibration, so the data have precise
avelengths and transition strengths. Without complete and well-

alibrated atomic data for all of the species of interest in BNS
ergers, it is impossible to make a definitive line identification for

bserved features within the spectra of KNe. Additionally, accurate
ine identification is affected by the large expansion velocities
ssociated with the ejecta of KNe. These high velocities make
ine-blending in the observed spectra common, making definitive
ine identification difficult, which will, in turn, affect accurate line
dentification studies. 

.3 Stratified ejecta 

or all TARDIS models, we can obtain good agreement with the data
sing a continuous density profile (where ρ0 = 4 × 10 −15 g cm 

−3 ;
ee Table 3 ) and a uniform composition for each individual epoch
f interest, albeit with a different requirement for the composition
or the first epoch. We opted against o v er-complicating our TARDIS

odels, and so did not pursue further investigation of multizone and
tratified models. We took this approach as there are already a large
umber of free parameters in our model ejecta properties (includ-
ng composition). Attempting to further fine-tune our composition
t different velocities, while obtaining meaningful and objective
onclusions would be unrealistic, given the nature of our analytic
pproach. We acknowledge that our approach may seem formally
nconsistent, where we invoke uniform compositions in our models,
ut with a different uniform composition for the first epoch. Because
f this, here we will demonstrate that it is possible to obtain an
NRAS 515, 631–651 (2022) 
qui v alently ‘good’ fit using a two-zone, stratified ejecta composition 
pproach. 

In Fig. 14 , we present one such example of a stratified ejecta
odel, for the + 2.4 d spectrum. Here we have used the Y e −0.29a

omposition for ejecta in the velocity range 0 . 20 ≤ v < 0 . 28 c. This
elocity range corresponds to the recession of the inner boundary
elocity between our best-fitting models for the first and second
pochs, presented in Sections 6.2 and 6.3 . We then used our 1 st 

 -peak model composition for the ejecta in the higher velocity
ange, 0 . 28 ≤ v ≤ 0 . 35 c. F or v elocities ≥ 0 . 28 c, this model has
n identical composition to our best-fitting model for the + 1.4 d
-shooter spectrum of AT2017gfo, and for velocities < 0 . 28 c, it
as an identical composition to our best-fitting model for the + 2.4 d
T2017gfo spectrum (and all subsequent spectra). Also plotted in
ig. 14 is our best-fitting Y e −0.29a model presented in Section 6.3 ,
or comparison. Clearly, both the uniform single zone model, and
his stratified model, are equally good at replicating the observations
t this epoch. 

Ho we ver, to get the stratified model to agree with the ob-
erved spectrum, we needed to reduce the density of the ejecta
ith v ≥ 0 . 28 c by a factor of 10. We require a value of
0 = 4.0 × 10 −16 g cm 

−3 , which is a factor of 10 lower than the value
f ρ0 used for the equi v alent line-forming region for the first epoch,
 

st r -peak model. This reduction in ρ0 is necessary, as our outer
omposition contains a large quantity of Sr, and, due to the cooler
jecta temperature at this second epoch (3600 versus 4500 K for the
rst epoch model), it is now no longer completely dominated by Sr III .
he line-forming region in this stratified model contains much more
r II than is required to reproduce the ∼ 7000 –10 000 Å absorption
eature. Hence, we found it necessary to drop the o v erall density to
btain a satisfactory match. 
This model indicates that it would be possible to replicate the

arly observational data using this approach. However, the disjoint
n both the composition and the density profile that we have invoked
o achieve consistency across the first and second epochs, makes our
odel choices somewhat arbitrary. The fact that a stratified model
ith a discontinuous density profile can also reproduce the observed

pectra indicates that the physical properties of the line-forming
egion (including its composition) are changing with time. Ho we ver,
e cannot distinguish whether this is just ejecta with non-uniform
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omposition (i.e. stratified material), or physically distinct ejecta 
omponents (i.e. the two-component KN model). 

Finally, it is worth highlighting that, although we originally 
llowed ρ0 to vary as a free parameter to impro v e fit quality at each
poch, we found that our best-fitting models all have a consistent 
alue ( ρ0 = 4 × 10 −15 g cm 

−3 ). The fact we converged towards a
onsistent value across all epochs increases the credibility of our 
odelling efforts. 

 C O N C L U S I O N S  

he main aim of this work was to generate a sequence of spectro-
copic models, using TARDIS , that could accurately reproduce the 
volution of the early spectra of the KN, AT2017gfo. We compared 
hese TARDIS models to precisely calibrated 0.3–2.5 μm high-quality 
-shooter spectra, taken on a daily basis o v er the first 10 d of the

volution of this exceptional transient. To constrain the composition 
f the ejecta, and attempt identification of individual elements and 
ons, we used compositions reflective of realistic nucleosynthetic 
rajectories calculated for a BNS merger. 

No specific information on the ejecta composition could be 
 xtracted at v ery early times ( � 1 d) due to the lack of absorption
eatures at the wavelengths covered by the spectra. Ho we ver, we
redict strong absorption in the UV, and so we determine that 
V observations of future events may be able to provide useful

nformation on the composition of the first material ejected. 
The first X-shooter spectrum, taken + 1.4 d after merger, is signif-

cantly bluer than all subsequent epochs. We find good agreement to 
he data with a TARDIS model with ejecta temperature, T = 4500 K,
nd a composition that is dominated by the elements at the first r -
rocess peak. We require an inner boundary velocity, v min = 0 . 28 c,
t the base of the line-forming region. We reproduce and confirm 

he main result of Watson et al. ( 2019 ), namely that the broad
bsorption feature within ∼ 7000 –10 000 Å can be quantitatively 
xplained by the Sr II NIR triplet. We find that it is impossible to
eproduce the shape of the spectrum taken at + 1.4 d with lanthanide
aterial present in any significant quantity (lanthanide mass fraction, 
 LN � 5 × 10 −3 ). The multitude of transitions from low-lying levels

f these species result in strong absorption at blue wavelengths 
 λ � 6000 Å), precluding their presence in the line-forming region at
his early epoch. Formally, the composition that produces the closest 
greement with the data is one composed entirely of first r -process
eak elements (75 per cent Sr and 25 per cent Zr). While this deviates
omewhat from the solar ratio of these elements, the uncertainty in 
he ionisation states (particularly Sr II ), and the uncertainty in the
v ailable atomic data, pre vent stronger conclusions. We propose that 
 composition dominated by first r -process peak elements broadly 
xplains this first X-shooter spectrum. 

Ho we ver, the second and all subsequent X-shooter spectra require 
uite a different ejecta composition. The SED changes significantly 
etween + 1.4 and + 2.4 d, becoming rapidly redder and peaking
t ∼1 μm. We require a modest amount of lanthanide material 
 X LN � 0 . 05 + 0 . 05 

−0 . 02 ) to reproduce the observed flux deficit at wave-
engths � 7000 Å with line absorption. We interpret the prominent 
eature within ∼ 7000 –10 000 Å as a P-Cygni line from the Sr II
riplet. We can reproduce this strong line profile in TARDIS , and
imultaneously fit the blue deficit with a realistic composition profile 
xtracted from a hydrodynamical simulation of a BNS merger, with 
n intermediate electron fraction that produces a mix of first r -process 
eak species, and heavier material (our Y e −0.29a composition). 

The spectra at + 3.4 and 4.4 d can be replicated well with exactly
he same Y e −0.29a composition, indicating that there is no strong
eviation in composition from ∼2–5 d post-merger. A single zone, 
niform composition is sufficient to satisfactorily reproduce the 
pectral evolution, while maintaining a consistent density profile, 
nd a receding photosphere and cooler ejecta with increasing time (as
xpected for homologous expansion). We can reasonably reproduce 
he + 5.4 and + 6.4 d spectra by consistent forward modelling, but
e note that by + 7.4 d, the transient appears to no longer be in a
hotospheric regime, and so TARDIS is no longer suited to model the
pectra. 

We find a strong quantitative argument for a disjoint in the
omposition of the ejecta. This may suggest either stratified material, 
r observations of two distinct components of ejecta material. We 
nd that a high-velocity ‘blue kilonova’ component is prominent only 
or the first � 1–2 d, and has a composition dominated by first r -
rocess peak material (Sr and Zr), with virtually no lanthanide species
 X LN � 5 × 10 −3 ). Additionally, we find that all subsequent spectra
how strong line blanketing below � 7500 Å, which is due to the
anthanides being present with a total mass fraction, X LN � 0 . 05 + 0 . 05 

−0 . 02 .
his represents a ‘red kilonova’ component, with signatures of line 
lanketing by cerium (Ce II ), neodymium (Nd II and Nd III ), samarium
Sm II ) and europium (Eu II ), among others. Thus, the red KN is
istinguished more by a blue flux deficit, rather than a near-infrared
xcess. 

The largest uncertainty in our analysis arises from the lack of a
omplete atomic data set. We again stress that without complete and
ell-calibrated atomic data for all of the species of interest in BNS
ergers, it is impossible to make a definitive line identification for

bserved features within the spectra of KNe. For the compositions 
e fa v our for the ejecta of AT2017gfo in this work, the elements we
ost pertinently need better atomic data are those belonging to the

econd r -process peak, e.g. ruthenium, tin and tellurium. 
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