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Figure 11. Leave-one-out spectra for the purple+warm model. As in Figure 10, we see strong evidence for absorption from strontium 35 Sr at ~8000 A (inset (b)), and
tentative evidence for absorption from some combination of yttrium 39Y and zirconium 4Zr at <4500 A (inset (a)). The similarities between the leave-one-out spectra
of the blue+hot model and the purple4+-warm model suggest that, at 1.4 days, the absorption in the spectrum is indeed dominated by these elements from the first peak
of the r-process, and not others such as the iron-group elements (present in large amounts) or the lanthanides (present in modest amounts) in the abundance pattern of
the purple+warm model. Compared to the blue+hot model, the over- and underestimation of the absorption from Y and Zr at <4500 Ais less severe.

This average forward model time leads to a total inference time
of <1 week for SPARK, compared to as long as a year for a
standard MCMC. As our model increases in complexity and we
incorporate both multiepoch and multicomponent inference
into SPARK, these forward model evaluation times will only
increase, and this discrepancy will become more severe. For
example, a simple two-epoch fit would double the forward
model time by requiring twice as many radiative transfer
simulations.

We note that, while our initial m, samples can be obtained in
parallel, our active learning approach is necessarily sequential.
In contrast, MCMC can be arbitrarily parallelized—one could
thus argue that an MCMC, if highly parallelized, would have a
run time comparable to SPARK. However, our method enables
an almost 1000x decrease in the number of forward model
evaluations needed compared to an MCMC. Such a large
amount of parallelization is currently impractical. Furthermore,
since TARDIS itself is an MC radiative transfer code and can
be arbitrarily parallelized, any increase in parallelization also
accelerates SPARK. We also note that while other sampling
techniques such as nested sampling can increase the sampling
efficiency and reduce the number of required forward model
evaluations, this typically leads to a reduction by a factor of
~10x at most. Thus, these faster sampling techniques are
similarly slower than SPARK.

4. Discussion
4.1. Interpretation of the Bimodal Posterior

Spectral synthesis is a highly nonlinear process, and thus it is
not surprising that our inferred posterior might be complex or

16

multimodal. However, the physical meaning of this bimodality
merits some discussion. We find that an r-process with higher
electron fraction and entropy can generate a qualitatively similar
spectrum to that of a moderate electron fraction and entropy. We
further find that the differences between these two models’ spectra
arise primarily from differing abundances of just three elements:
Sr, Y, and Zr. If the spectrum at this epoch is indeed insensitive to
all but three elements, this may allow for some degeneracy in the
abundance patterns that can adequately reproduce the observed
spectrum. This degeneracy may be worsened by the fact that the
elemental abundances obtained from reaction network calcula-
tions are highly nonlinear functions of Y, veyp, and s (e.g.,
Wanajo et al. 2014; Lippuner & Roberts 2015; Wanajo 2018). At
later epochs, when more elements (e.g., the lanthanides) may also
contribute to the emergent spectrum, it may be possible to break
these degeneracies.

We caution that this bimodality should not be interpreted as
evidence for multiple ejecta components. Our model is single-
component and assumes a uniform abundance. This approach is
likely most valid at early times, when the emission may be
dominated by that of a single component (e.g., Kasen et al.
2017). Furthermore, the two models presented here yield similar
spectra. A true multicomponent analysis would require a fully
multicomponent model. Evidence for multiple components might
also be stronger at later epochs, when the photosphere recedes
into the ejecta, allowing the observer to potentially peer through
the faster, bluer ejecta to see a slower, redder component.

4.2. Consistency with Other Studies

Our inferred temperatures, velocities, and ejecta mass are
broadly consistent with those of other works that have studied
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Figure 12. Comparison of run times for the entire inference with
SPARK versus an MCMC. The purple band indicates the mean forward model
run time of 31 & 10 s to generate a single synthetic spectrum at a single epoch,
averaged across all 2640 forward model evaluations. The variations in forward
model time arise from two factors: (1) as the abundances in the ejecta vary, so
do the opacities and the number of matter—radiation interactions, and (2) the
inner edge of the computational grid, viyner, 18 itself a fit parameter. While
inference with an MCMC of ngmples = 10° x 10* = 10° (reasonable given the
6D parameter space) would take as prohibitively long as a year, the time
required by SPARK is more reasonable at <1 week. We note that while an
MCMC can be arbitrarily parallelized, the degree of parallelization needed to
be competitive with SPARKis currently unreachable. Moreover, because
TARDIS itself benefits from large parallelization, any increases in paralleliza-
tion will also decrease the run time for SPARK.

the spectra (and light curves) of the GW170817 kilonova, but
we find some differences.

Our inferred temperature of Tiyner = 3960 K (the same in
both models) is in agreement with that of Watson et al. (2019).
It is somewhat cooler than that of Gillanders et al. (2022), but
we note that their spectrum has undergone a different
calibration, which raises the overall flux. We obtain a lower
limit on the ejecta mass of >3 x 107° M., which is well below
the <0.02 M, inferred from photometric analyses for a putative
early, blue component (e.g., Drout et al. 2017; Villar et al. 2017
and references therein). Similarly, our inferred photospheric
velocity of viyner = 0.31c is broadly consistent with photometric
analyses that inferred an ejecta velocity of ~0.3c for this early,
blue component (Villar et al. 2017 and references therein), and
consistent with the blackbody expansion velocity measured
from the spectra in Watson et al. (2019). It is slightly larger
than the vy,;, = 0.28c¢ in Gillanders et al. (2022), but they note
some arbitrariness in the choice of these and other parameters.
Finally, our inferred lower bounds on the ejecta mass are
factors of ~6 x and ~2x smaller than the “Y, —0.37a” and
“Ist r-peak’ models of Gillanders et al. (2022), respectively.
This is because (1) our inferred py is smaller, and (2) our
photosphere is at v =10.31c, compared to their vy,;, = 0.28c.

We can also compare our inferred abundances to those of
other works. In Tables 4 and 5 (Appendix C), we list the mass
fractions, lower bound on the ejecta mass, and mass assuming
some fiducial total mass, for all elements in the ejecta. The larger
uncertainties on our abundances in the blue+hot model preclude
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any useful comparison with those of other works. In contrast, the
abundances in the purple+warm are tightly constrained. In
particular, we infer lower bounds on the ejecta masses of the
important ions SrI, Y1II, and Zrll as 1.8570:d3 x 1077 M,
2.351048 x 1077 M., and 2.45%}48 x 1076 M., respectively.
For Sr 11, this mass is within a factor of ~15% of the Y, — 0.37a
model of Gillanders et al. (2022), and within a factor of 2x the
Ist r-peak model of the same work. The inferred mass of Y II
is similarly within a factor of ~3-4x that of the Y, —0.37a
model, and the inferred mass of ZrIl is within a factor of
~2-3x that of the first r-peak model. The agreement among
these ions’ masses reiterates their importance in shaping the
emergent spectrum.

It is also useful to compute the abundance ratios of certain
elements. Domoto et al. (2021) noted that calcium ,, Ca and Sr
are coproduced under many r-process conditions due to their
similar electronic structures. They find that Call lines will
appear in the spectrum unless Xc,/Xs; < 0.002, and note the
absence of Call lines in the observed kilonova spectrum. We
do not see Ca Il absorption in our model spectra, and indeed we
recover Xca/Xs: ~ 1075 in both our blue+hot and purple
+warm models. Domoto et al. (2021) further showed that, for
velocities v/c ~ 0.15 — 0.20, this small ratio X¢,/Xs; < 0.002
can be obtained with either (1) s/kg > 25 and Y, ~ 0.35 — 0.45,
or (2) s/kg~ 10 and Y, <0.35 (see their Figure 10). These
constraints match our blue+hot and purple+warm models,
respectively.

We emphasize that we are probing only the outermost
3 x 107> M, of approximately 0.02M. of ejecta that was
produced during the merger according to other studies, i.e., less
than 1% of the total ejecta. Thus, we do not claim that our
inferred mass fractions (in particular the lanthanide mass
fraction Xjun), Ye, Vexp, OF s describe all of the ejecta produced
during the merger. The inferred parameters describe the line-
forming region of the ejecta, which (remarkably, given its small
mass) produces the prominent spectral features in the early, 1.4
days spectrum.

4.3. Physical Origin of the Early Emission

By directly inferring the electron fraction Y., expansion
velocity Vexp, and entropy s, we are able to constrain the
fundamental conditions of the r-process that generate the early-
time ejecta in the line-forming region. In particular, we can
determine whether our inferred values match those of any of
the various components expected from a merger.

In the purple+warm model, we infer a moderate electron
fraction of Y, = 0.311f8;8}? and moderate entropy of
s/kg = 13.67%). These parameters are comparable to those of
the simulations of Fujibayashi et al. (2020), who study the post-
merger mass ejection from low-mass NS+NS systems (total
mass ~2.5 M; compare to the total mass of 2.74 M, inferred
from GWs for GW170817; Abbott et al. 2017b) in full
GRMHD with neutrino radiation and viscosity. They find a
robust Y, ~0.32-0.34 and s/kg~ 15-19 in the viscously
driven outflows from the accretion disks that form around the
merger remnant in their models. However, they find much
smaller (mean) expansion velocities, v/c ~ 0.09-0.11, com-
pared to our Veyp / ¢ = 024075933, This discrepancy might arise
from the fact that the early spectra probe only the higher-
velocity component of the velocity distribution, whereas the
values reported in, e.g., Fujibayashi et al. (2020) are the
averages over the entire (multicomponent) distributions.
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Indeed, Fahlman & Fernandez (2018) found that viscous
hydrodynamic simulations of the disk outflows cannot produce
ejecta with average velocities greater than ~0.15¢. One
solution to this discrepancy might be the presence of a strong
magnetic field around a remnant NS (Metzger et al. 2018;
Fujibayashi et al. 2020). Within a strong magnetic field, mass
ejection is accelerated, raising the velocities in the ejecta. This
also has the effect of lowering the electron fraction, as the faster
ejecta suffer less neutrino irradiation from the remnant NS.
Weaker neutrino heating could also result in smaller entropies
in the ejecta. The inclusion of a strong magnetic field could
thus raise the expansion velocity, lower the electron fraction,
and lower the entropy of the models of Fujibayashi et al.
(2020), bringing all three of these quantities into closer
agreement with our inferred values. Ciolfi (2020) and Ciolfi
& Kalinani (2020) similarly argued that the relatively high
velocity v/c 2 0.20 (and large mass 0.015-0.025 M) of the
early kilonova, reported across the literature, could be
reproduced by a magnetically accelerated wind from a
metastable NS remnant.

For the blue+hot model, the higher inferred entropy may be
explained by significant shock heating in the ejecta. Indeed, the
larger electron fraction ¥, = 0.35170:022, expansion velocity
Vexp / ¢ = 0.1767 5%, and high entropy s/kg = 25.372 of this
blue+hot model are consistent with the shocked, polar
dynamical ejecta that originate from the collisional interface
of the two NSs during the merger, subject to strong neutrino
heating. Including a proper treatment of neutrino irradiation,
Kullmann et al. (2022a) and Just et al. (2022) found a strong
angular dependence for Y, in the dynamical ejecta. In
particular, across multiple NS equations of state and binary
mass ratios, they observed electron fractions Y, ~ (0.28-0.34
and velocities v/c ~0.22-0.28 in the polar ejecta, consistent
with our blue+hot model.'” Furthermore, a smaller expansion
velocity in their models would have the effect of further
increasing neutrino irradiation on the dynamical ejecta, raising
its electron fraction and entropy. This would bring these
models into greater agreement with our blue+hot model. The
need for a strong neutrino flux on the dynamical ejecta could
also be satisfied by a short-lived NS remnant.

4.4. Impact of Incomplete Atomic Line Lists

During spectral synthesis, we have conservatively used only
the observed lines from VALD when constructing our line list.
This excludes any semiempirical lines acquired by calibrating
theoretically calculated lines to observations as well as any
purely theoretical lines. It is well established that the observed
line lists are incomplete, and this may be the reason for our
difficulty in fitting the blue end of the spectrum.

If the observed absorption at <4500 A is indeed solely from
Y II and Zr 11, the fact that we do not adequately fit this portion
of the spectrum may suggest that our line lists for these
elements are incomplete. For example, missing transitions in
the <3600 A range might absorb radiation and re-emit in the
3600-4500 A range, simultaneously solving the problem of
underestimated absorption in the former range and over-
estimated absorption in the latter. However, we note that
Gillanders et al. (2022) observed the same difficulty with fitting

17 These Y, and v are also consistent with the purple+warm model; note,
however, that the higher entropies in such shock-heated ejecta are inconsistent
with the entropy of this model.
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this region of the spectrum, even after their inclusion of the
semiempirical extended Kurucz ATOMS lines (Kurucz 2018)
for the ions SrI-II, YI-II, and ZrI-II, which greatly
outnumber the observed lines. It is thus possible that the lists
are incomplete for other elements that are present in the ejecta.
In particular, the lanthanides should have many lines in the UV
and optical in this wavelength range (e.g., Tanaka et al. 2020),
but very few observed lines exist for these elements. We infer
the presence of very few lanthanides in our fits, but this may
result from the incompleteness of the line lists for these
elements. This reiterates the importance of obtaining complete
line lists for these elements in the future.

Finally, we also note that our fits do not fully capture the IR
spectrum at =>10000 A (nor do those of Gillanders et al. 2022).
Some of the emission at these wavelengths may be emission
that would be reprocessed from the bluer end of the spectrum if
the line lists were more complete. Alternatively, the temper-
ature of the blackbody-like continuum that underlies the fits
might be biased by their inability to fully capture the blue end.
In either case, more complete line lists might remedy these
issues.

4.5. Alternative Approaches to Modeling

In SPARK, we model the spectra of the kilonova, with the
goal of inferring the elemental abundance patterns and
identifying spectral features. This is distinct from performing
inference on light curves, for two reasons: (1) modeling the
spectra is crucial for inferring individual abundances, and (2)
simulations that primarily yield light curves may be relatively
computationally inexpensive, and other inference schemes may
be used. Indeed, the 3D, time-dependent radiative transfer code
POSSIS (Bulla 2019) has been used extensively to model the
light curves, and different inference techniques have been
employed due to its greater speed compared to, e.g., TARDIS.
Almualla et al. (2021) used POSSIS to generate a grid of
synthetic kilonova light curves. They then used a neural
network to interpolate over this grid, constructing a surrogate
model capable of producing synthetic light curves, and then
they performed inference on the observed light curves. Ristic
et al. (2022) similarly used POSSIS to generate a grid of light
curves, but instead, they used adaptive learning to select the
location of some of their simulations and construct their
surrogate using a GP. Finally, LukoSiute et al. (2022) used
three existing sets of spectra (Kasen et al. 2017; Dietrich et al.
2020; Anand et al. 2021; the latter two generated with
POSSIS) and constructed a conditional Variational Auto-
Encoder, KilonovaNet, which acts as a surrogate for these
spectral data sets. They convolve the output of their spectral
emulator with standard photometric filters to produce light
curves and perform inference.

These studies take advantage of the speed of POSSIS and
inference techniques that are suited to this speed to study the
light curves of the GW170817 kilonova and recover its
macroscopic properties: total ejecta masses, velocities, geome-
tries, and morphologies. However, POSSIS is faster than
TARDIS because it takes as input a grid of wavelength- and
time-dependent opacities, rather than computing expansion
opacities (which depend on the number density of a given ion
in the plasma) during the simulation itself. Thus, these studies
of the light curves do not constrain the elemental abundance
patterns (beyond the lanthanide fraction; LukoSiute et al. 2022),
nor the fundamental conditions of the r-process.
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In contrast, SPARK is not sensitive to some overall properties
of the kilonova (such as total ejecta masses or observing angle),
but can extract the element-by-element abundance patterns,
constrain Y, vexp, and s with uncertainties, and identify spectral
features. This inference is only possible due to the direct
connection between the abundances and opacities present in
TARDIS. These trade-offs highlight the crucial importance of
performing inference on both light curves and spectra using
different forward models, and applying different inference
schemes depending on the ensuing computational cost of the
forward model and the dimensionality of the problem. A
variety of complementary approaches are required to fully
characterize the kilonova, from the macroscopic to the
microscopic. SPARK contributes uniquely in this context by
performing the first inference of the elemental abundance
pattern using a kilonova spectrum.

5. Conclusions

We introduce SPARK, a modular inference engine for
spectral retrieval of kilonovae. We employ approximate
posterior estimation with active learning to solve an inference
problem that has been computationally intractable to date.
Crucially, our inference approach allows us to estimate
uncertainties in key kilonova parameters. With SPARK, we
are able to obtain the complete element-by-element abundance
pattern of a kilonova, with uncertainties, given a single
observed spectrum.

The abundance pattern for the GW170817 kilonova in the
early, optically thick phase at + = 1.4 days is exceptionally
lanthanide-poor. The ejecta are dominated by elements from
the first r-process peak, including strontium ;g Sr, yttrium 39 Y,
and zirconium 4o Zr. However, the observed spectrum is well fit
by two different models: a blue+hot model with higher
electron fraction and entropy, and, a purple+warm model with
more moderate electron fraction and entropy.

Adoption of our purple4+warm model would suggest that we
observe the viscously driven outflows from the remnant
accretion disk of a neutron star + neutron star merger at these
early times. Our relatively high inferred expansion velocity for
this model may hint at the presence of a strong magnetic field
around a remnant metastable neutron star, which would
accelerate these outflows. Alternatively, the blue+hot model
may be evidence for a highly shocked dynamical component
that is squeezed at the collisional interface of the two neutron
stars and preferentially ejected along the poles of the merger. A
strong neutrino flux from a remnant metastable neutron star
could support the high electron fraction and entropy of this
component. Our purple+warm and blue+hot models thus both
suggest the presence of a remnant metastable neutron star
following the merger.

In addition to inferring the complete abundance pattern, we
also use leave-one-out spectra to identify signatures of specific
elements in the spectrum of the kilonova. We recover evidence
for absorption from Sr1I, Y II, and Zr II in the ejecta.

In this work, we have explored single-component ejecta and
have studied only the 1.4 days spectrum of the GW170817
kilonova. In the future, we will adapt SPARKto handle
multicomponent, stratified ejecta, which will enable us to
capture important effects like lanthanide curtaining, if present.
Our inference approach also lends itself to performing
Bayesian model comparison, which will allow us to quantita-
tively determine whether additional component(s) are needed
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to accurately model the kilonova. There is also information in
the temporal evolution of the spectrum, and so in future work,
we will jointly fit multiple epochs of data by self-consistently
evolving the relevant fit parameters. As the ejecta expand and
the photosphere recedes deeper into the ejecta at later times, we
may be able to identify different components in the ejecta. This
naturally combines itself with multicomponent analyses.

Given the modularity of our approach, it is easy to swap out
reaction network calculations or atomic line lists for some other
set of calculations or line lists. We will thus also explore the
effect of incorporating theoretical lines (generated by AUTO-
STRUCTURE; Badnell 2016) that have been calibrated to
observations in future work.

Beyond extending our analysis of the GW170817 kilonova,
we also anticipate applying SPARKto any future kilonovae
discovered by follow-up of gravitational wave sources, in the
next LIGO-Virgo-KAGRA Observing Run 4 (0O4) and beyond.
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Appendix A
Line List Details

We provide a breakdown of our line list in Table 3, which
details the number of lines for each ion. We only list elements
that are synthesized in part by the r-process (Z > 31), but note
that we use 1,476,338 additional VALD lines for Z <30,
dominated by iron-group elements. For these elements with
Z < 30, we acquire lines as available; for some doubly ionized
iron-group elements, no lines are present.

Table 3
Number of Lines for Each Ion, for Elements with Z > 31
Z Ion MNiines
1-30 H—Zn 1-11* 1,476,338
31 Gal 41
Gall 194
Ga Il 2
32 Gel 64
Gell 22
33 As1 110
34 Sel 8
37 Rb1 143
38 Sr1 110
Sr1t 695
39 Y1 5365
Y1 7753
Y m 39
40 Zr1 699
Zr 1 542
Zr I 359
41 Nb I 1044
Nb 11 2988
Nb 111 76
42 Mol 2892
Mo 11 328
43 Tc1 52
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Table 3
(Continued)
7 Ion Niines
44 Rul 1028
Rull 127
45 Rh1 440
Rh 1l 94
46 Pd1 76
Pd 11 13
47 Agl 15
Agll 10
48 Cd1 20
Cdn 4
49 Int 24
Inn 16
50 Sn1 59
Sn 11 22
51 Sb1 73
52 Tel 18
54 Xell 33
55 Cs1 150
56 Bal 125
Ball 244
57 Lal 267
La1l 3938
La 1 131
58 Cel 903
Cell 16,014
Ce 11 3023
59 Pri 127
Prii 7723
Pr1nn 1151
60 Nd1 281
Nd 1 1279
Nd 11 71
62 Sm 1 520
Sm 11 1334
Sm I 49
63 Eul 352
Eull 871
Eu 111 1150
64 Gd1 620
Gd 1 963
Gd 11 52
65 Tb1 3
Tb 1l 1822
Tb 111 80
66 Dy1 834
Dyn 897
Dy 111 1337
67 Hol 711
Ho 11 496
Ho 111 1309
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Table 3
(Continued)
7z Ton Niines
68 Er1 365
Ernl 775
Er 11 1308
69 Tm 1 532
Tm II 7919
Tm I 1479
70 Yb1 83
Yb1 6794
Yb 111 271
71 Lul 247
Lun 125
Lu 111 59
72 Hf1 430
Hf 1 434
73 Tal 11,470
Tall 3992
74 W1 1062
wi 221
75 Rel 772
Re I 47
76 Os1 891
Os 11 47
77 Ir1 501
Irnn 28
78 Pt1 215
Pt 119
Pt 111 666
79 Aul 61
Aull 498
Au 111 175
80 Hg1 27
Hgm 446
Hg 11 42
81 Tl1 22
82 PbI 38
Pb 1 60
83 Bil 29
Bill 14
90 Th1 700
Th 1t 14438
Th 111 903
92 Ul 561
un 622
TOTAL 1,597,376

Note. For elements with Z < 31, an additional 1,476,338 lines (dominated by
the iron group) are used.

# Lines acquired as available: for some doubly ionized iron-group elements,
lines are not available.
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Appendix B
Gaussian Process Hyperparameters

To further assess the convergence of the SPARK run, we can
plot the hyperparameters of the GP over the course of training.
In Figure 13, we see this evolution for the mean p(6) of the GP
and the scale length hyperparameters ; in each dimension j of
f-space. This diagnostic is instructive both when constructing
the base training set and during active learning. As with the GP
test set error, during the construction of the base training set,
the hyperparameters eventually converge to stable values,
indicating that the GP has captured the global properties of the
posterior. Once active learning begins at m = 1500, the
hyperparameters remain stable.

1 .;L(O)/l(m —— logy(ts)
—— ' logy(¢o) —— logy(ty)
——  logyy (1) logy(¢5)
0 \ —— logy(ly)  —mm- my = 1500
v —1
I
(3] S S A
RaS=SN— S ety
)
g
o
£-3
[a
© 4
-5
—6
60 420 780 1140 1500 1860 2220 2580
iteration m

Figure 13. Hyperparameters of the GP over the course of training.
Hyperparameters include the mean value and covariance kernel length scales
of the GP, ¢;, in each dimension j of #-space. The mean value is normalized by
107 for legibility. The hyperparameters rapidly converge and then remain stable
during construction of the base training set, indicating that the optimal
hyperparameters have been found. Once active learning begins at m = 1500,
the hyperparameters remain stable.

Appendix C
Detailed Ion Abundances

In Tables 4 and 5, we provide mass fractions and uncertainties
for all of the relevant ions in the ejecta in our best-fit blue+hot
and purple+warm models. The majority of elements are singly
ionized. We also provide the total mass of each ion contained in
our simulation, and, the mass of each ion under the assumption
of some fiducial total ejecta mass of 0.02 M. and uniform
composition above and below the photosphere.
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Table 4
Mass Fractions and Masses for All Ions in the blue+hot Model with a Mass Fraction X; >

Vieira et al.

Ton

Mass Fraction X;

Lower Bound M,;; [ M|

Fiducial M()»()Qvi

H1
Hu

501793 x 1073
47579% x 1077

1757139 x 107°
1667137 x 10711

1.0079%¢ x 1076
9.51709¢ x 1070

8.36+103 x 107!

293412 % 1073

167735 x 1072

Lin

2491935 % 1078

872713 x 1071

4987933 x 10710

Be Il

8.531935 x 1079

298713 x 10713

L7159035 x 10710

Cl
cn

349755 x 1077
4.637155% x 107

122733580 x 10-1!
16273550 1010

6.97715% x 107
9.26+33860 % 10-8

NI

516133850 % 10-8

181193860 « 10-12

1.03+33650 109

O1
on

77251334 x 1077
6.3041%3* x 107°

270+1230 x 10~
220+1230 x 10—13

1.545155% x 1078
12671534 x 10710

F1

9.59714% x 106

336+l409 x ]O—IO

19271434 x 1077

29411404 5 1077

103+1409 x 10—11

58871404 x 1079

Nall

19373384 x 1077

6.7613%36 x 10712

3.861335¢ x 107°

Mg

5.8973%3* x 1077

206+3396 X 10—11

11873304 x 108

AlTl

6.6071%7 x 1078

231459 x 10712

1327137 x 1070

Sill

5217137 x 1077

182+1285 x 10—]]

104550 x 1078

PI
P11

13411269 5 1079
5397598 x 1077

468+12.74 % 10—]4
1.897818 » 10-1!

268+12.69 % lo—ll
1.08998 x 1078

S1
S1

1077598 % 108
1.3443:323 % 107°

3747938 x 1071
470133 x 1071

2.147806 x 10710
2.68733% x 1078

Cl1
Cli

4.097335 x 1078
7.55533% x 1070

1437372 x 10712
2645373 x 10713

817435 x 10710
1517335 x 10710

18

Ar1

205514 x 1077

7.1611%; x 10712

4.09714) x 1070

19

K1

1.48F130 % 1077

5175185 x 10712

2.96+140 % 1070

20

Call
Ca il

718140 x 1078
1107385 x 1077

25105 x 10712
3.8617% x 10712

1444141 < 1079
221758 x 107°

21

Scll

6.07383 x 107°

2135339 x 10713

1215588 x 10710

22

Tin

3457505 x 1078

121193 x 10712

6.89+3:83 x 10710

23

vi

1.88+17:02 x 1077

6.59+17,96 % 1012

376717592 x 1070

24

Cral
Cr

9.65717%92 % 103
1.1672931 % 1079

3.38“7'06 x 10—9
4.0412035 5 10714

1'93+17,02 x 10—6
23143941 « 1011

25

Mn 11

6.2013%31 x 106

2.1743%% % 10710

1247281 % 1077

26

Fe 11

3.6671%0° x 1075

12871591 % 1070

7.32+188% x 1077

27

Coll

1.247953° x 1077

4355179 x 10712

2.48H637 x 107°

28

Ni1t

1.007343° x 1074

35153432 x 1070

2.00343° x 106

29

Cull

25413430 % 1073

8.907343%2 x 10710

5.00775° x 1077

30

Zn1
Zn 11

74217335 % 1079
786135881 x 1073

26017326 x 10-13
275535881 % 1070

14811353 x 10710
157735381 x 10-¢

Gall

227135881 1070

7.9353588 % 10710

4.53753%8% x 1077

Ge Il

1. 30+3698 81 % 10—4

4.5473588 x 1070

9 —
25973588 x 107

22
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Table 4
(Continued)

Vieira et al.

Ton

Mass Fraction X;

Lower Bound M,;; [ M)]

Fiducial M0.02,i

33

As1
AsTl

295010847 % 1077
L15F1H847 » 1074

LO3HH847 » 10-1
4,03HL847 1079

59151584 x 1070
2301111847 5 100

34

Sel
Se Il

LOIT 47 x 1073
LO7E82773 % 1072

3.53H 847 10710
376115577 x 1077

202514847 % 1077
2155387773 % 1074

35

Br1
Bri

214158577 x 107
LOATHETT x 1073

748H5777 x 107
3.641 182773 5 1078

4.28F3862173 5 106
2.0813862773 5 1075

36

Kri
Kr1n

4.0673%5* x 1072
931138054 x 104

14257575 x 107°
326438754 % 108

8.1213%94 % 1074
1.8613595% x 1073

37

Rb1

253538954 % 1072

8.8477%7> x 1077

5.057383954 5 104

Sr 11
Sr 111

1.35572070 5 103
2.65472070 % 102

47277870 x 108
9.2047%70 » 1077

27077570 x 103
531F9%670 x 1074

39

Y1
Y 111

355192070 » 103
26829876 % 1073

12477570 x 1077
9.37+2%876 % 1078

71077570 x 1075
535429876 % 1075

40

Zr1
Zr 11
Zr 11

1.23175%7° x 107
3.5073%70 x 102
12457567 % 1073

43147570 x 10714
1.23+2%876 » 10°©
433731834 % 108

2467737 x 1071
70142876 < 104
248557 x 1073

41

Nb 1
Nb 11

7.49131833 5 1075
513431833 % 10-8

26213183 % 107°
1.807353 x 10712

1.50731833 % 1076
103131833 % 1079

42

Mo 11
Mo 11

44055 % 1073
5.9345%% x 107

1.545155% » 1077
2.08+HP5% x 10713

8.8013%%% x 1073
L195175% x 10710

43

Tecl
Tc 11

2.18+535% x 1074
250515 x 1078

7.64515% % 107
8747795 x 10713

437559 x 1076
499729320 » 1010

44

Rul
Ru1i
Ru 1

5545307 x 107
720729520 % 1073
50751758 % 1070

1947395520 % 10712
25273952 x 1077
17771758 x 10713

L1150 x 10710
144775520 % 1074
LOIHTS x 10710

45

Rh1

523417083 % 1074

1.83F1783 % 1078

1057173583 % 1073

46

Pd1
Pd 1

2.55H122 % 1070
1.105]422 % 1073

8917133 x 1014
3.84415%% x 1078

5.09711%22 % 10711
21951 %% x 1079

47

Agll

25501 %% x 1074

8.9411%5% x 107

51152 x 1070

48

Cd1
Cd1

6.4917%500 x 1070
22710400 x 1074

2278040 x 10713
7.9559471 % 1070

1.3079%3° x 10°10
4.54795° x 107°

49

In1i

699739853 % 1070

245130854 5 1010

140720853 % 1077

50

Sn 11
Sn 111

6253953 % 1075
191529853 » 108

2.19+2%54 % 1070
6.7012%54 x 10713

1.25%39833 % 106
3.8373%%5% x 10710

51

Sb 11

9.7673%0! % 10-°

3428389 « 10710

19573801 % 1077

52

Tell

7.715%0" x 107

2705349 x 10710

1545350 % 1077

53

11
18I

10753831 % 10°8
3.03193 x 10°°

3747859 x 1071
1.06773 x 10710

2.147%0" x 10710
6.05+020 x 1078

54

Xel
Xe I

1275937 x 107°
768424500 % 1070

443175 x 10714
26973473 % 10713

2.53192 x 1071
15473500 x 10710

Note. Columns include the atomic number Z, the name of the ion, the mass fraction X; of the ion, and the mass of the ion in our simulation, using our inferred lower

bound on the ejecta mass Mej > 3.57%:

composition above and below the photosphere. We highlight ions of interest: Sr1I, Y II, and Zr II.

23

x 1073 M,,. We also include the mass of the ion assuming some fiducial total ejecta mass of M = 0.02 M, and a uniform
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Table 5
Same as Table 4, for the purple+warm Best-fitting model

Vieira et al.

Ton

Mass Fraction X;

Lower Bound M.; (M)

Fiducial MO-OZI'

HI1
Hi

1.697093 x 10~*
8.27H4%% x 1077

6.747338 % 1070
3.3153% x 1071

3377093 x 10°°
1657093 x 1078

He1

679702 x 1072

2.724049 x 1076

1367020 x 1073

Lin

1.347330 % 1077

5347548 x 10712

2.67402 x 107°

Bel
Bell

8.107920 x 107°
556102 x 1073

3247548 x 1071
2234442 % 1079

1 62+090 X 10—11)
L115% x 10°°

B1

545402 % 108

21844382 x 10712

1.09%53 x 107°

ClI
Ccnu

3.06°0%2 x 1077
2.127032 x 1070

1227083 x 1071
8474431 x 101

6.11702 x 107°
423458 x 1078

NI

2017532 x 1078

8.02+438 x 10713

4011432 x 10710

oI
on

1114342 x 1076
47073442 x 1070

445748 » 1071
1.88F138 x 1013

2237842 x 1078
9.40%¢42 x 1071

F1

1205388 x 10-8

478*182 % 10713

2. 39+1889 x 10—10

20

Call
Calll

6.75088% x 1077
541783 x 1077

2.707153" x 1071
216793 x 1071

1357088 x 108
1.087537 x 1078

21

Sc1i

217783 x 1078

87073 x 10712

435483 x 10710

22

Tin
Ti I

1.05%5%3° x 107
42740733 x 1078

42]+1754 X 10—]0
L71H75% x 10712

2115587 x 1077
8.537%% x 10710

23

\A!
Vi

1287253 x 1074
2.58+372 x 1078

5.1473; < 107
L0317 x 10712

2577272 x 1076
5174302 x 10710

24

Crl
Cr1t
Cr I

443755 x 1078
2.33*1341 % 107!
1431381 x 1070

L7773 x 10712
9311+ x 1076
571547 x 1071

8.851372 x 10710
465734 x 1073
2.857 %41 x 1078

25

Mn1
Mn 11
Mn 111

6.86 54 x 107°
7.8978%3° % 1073
1447653 < 1077

2755417 x 10713
3.1679%3° x 1077
5.7679%3 x 10712

1.3713:31 x 10710
1.58%8%3% x 1074
2.88+8%3% x 1070

26

Fel
Fell
Fe 11

2455657 x 1077
9.32132% x 1072
21775 x 1077

978+6239 X 10—[2
3.7313%31 x 1070
8.6677331 x 10712

4897633 % 107°
1.8673%5¢% x 1073
433755 x 107

27

Col
Coll

1. 12+2249 X 1079
177798 x 1074

44873731 % 10714
7.07%393 x 107°

22478 x 1071
3547080 x 1076

28

Ni1
Ni 11
Ni 111

732798 x 107
1243082 x 107!
240458 x 107°

29310938 x 1071
4.98759% x 1076
9.59% 8 x 10714

1467080 x 108
2497980 x 1073
479708 x 1071

29

Cul
Cull

8.23748% x 1078
L5158 x 1072

3297583 x 10712
6.03+488 x 1077

165748 x 107°
3.0253% x 107

30

Zn1
Zn 11

7.30%93 x 1070
4.06703 x 1072

2921039 % 1010
1627999 x 1076

1467935 x 1077
8.12703% x 107

31

Gal
Gall

1167535 x 1079
1.64754 x 1072

462+0.90 % 10—]4
6.58708% x 1077

2.31+0.53 X 1071]
329708 x 10

Gel
Gell
Ge II1

2667048 x 1077

3.887042 x 102
+0.67 —8

8713087 % 10

107798 x 1071
1557983 x 10°¢
3497598 x 10712

533104 x 107°
776598 x 10
1747367 x 1070

33

As1
As 11

2.671087 x 1073
5451083 x 1073

1077988 x 107°
2.18499% x 1077

5'33+0A67 x 10—7
1.097567 x 1074

24
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Table 5
(Continued)

zZ Ton Mass Fraction X; Lower Bound M,; (M) Fiducial My,
34 Sel 1.007989 x 104 4017598 x 1070 2017989 % 107°
Sell 5617089 x 1072 224708 x 1070 112798 x 1073

35 Bri 1.14758 x 1073 4579 x 1078 2281082 % 1077
Bril 2.891082 » 1073 116709 x 1077 5784082 x 1073

36 Kr1 6.1279%2 % 1072 2.45%499 % 1076 1224982 % 1073
Kr 1l 7254083 x 1074 2907044 x 1078 1457084 % 1073

37 RbII 207198 x 1072 8.2014d4 x 1077 414758 x 1074
38 Sr1u 4.62758 x 103 1.85 48 x 1077 9257088 x 103
Sr i 4751088 » 1072 190748 x 1070 9.517988 x 104

39 Y1 5887088 x 103 2357048 x 1077 1184038 x 104
Y m 231798 x 1073 9.237443 % 1078 462798 % 1073

40 Zr1 4.06108 % 1070 1.6370548 x 10713 8.131989 x 10-1!
Zr 11 613708 x 102 245708 x 10°° 1.2340% x 1073

Zr 1 1125040 x 1073 4494083 % 1078 2254048 x 1073

41 Nb 11 2.157040 x 10 8.61°9%3 x 107° 430794 % 107°
Nb 111 762709 x 1078 3.05%03 x 10712 152739 x 1070

42 Mo 7135491 x 1070 2.85%02 x 10713 1434391 x 10710
Mo I 1717032 x 1072 6.841033 x 1077 3427032 x 10

Mo It 1.18%932 x 1078 473508 x 10713 2371032 x 10710

43 Te 8.75°987 x 1074 3507443 x 1078 1757987 % 105
Tc I 515403 x 1078 2067439 x 10712 1034039 x 107°

44 Rul 6.01799¢ x 108 2407039 x 10712 1.20793¢ x 107°
Ru Il 4134429 % 102 165708 x 1076 8.26%029 % 10*

Ru It 1.497039 x 108 59554 x 10713 2981429 x 10710

45 RhI1 8.7473% x 1070 35008 x 10713 1757039 x 10710
Rh1I 486707 x 1073 195709 x 1077 9.731077 x 1073

46 Pd1 519707 x 1078 208509 x 10712 104757 x 1079
PdII 1.187979 x 1072 47278 x 1077 2.36079 x 10

47 Agl 9.457596 % 1070 3787023 x 10713 1.897028 x 10710
Agll 3.0093¢ % 1073 120702} x 1077 6.00793¢ x 1073

48 Cd1 2.43709% x 1077 9.72433 x 10712 4.867998 x 1070
Cdn 4477097 % 1073 179703 x 1077 8.94+17 x 1079

Cd m 1127397 x 1070 447703 x 10714 224097 % 1071

49 InlI 2224097 % 1074 8.874420 % 107° 4434497 % 1070
50 Sn1 6407028 x 107° 2561538 % 10713 1.28%428 % 1010
Sn I 5454028 % 1073 2.18%13¢ x 1077 1.09702¢ x 10*

Sn I 8.61738 x 1077 3447038 x 1071 1727038 x 1078

51 Sb1 1.6775% x 1077 6.667039 x 10712 3.33+098 % 107°
Sb1r 108749 x 1073 431739 x 1078 2165098 x 10°

Sb 11 2514098 x 1070 1.004239 % 10-13 5011098 x 10711

52 Tel 1194543 % 1077 4774434 < 10712 2.387083 x 1070
Te I 7224083 % 1074 2.89113¢ % 1078 1447583 x 1073

53 I 1.88%443 x 1070 7.51583¢ x 10-1! 3764443 x 1078
I 2784462 » 1074 L11HT < 1078 5564482 % 107°

54 Xel 6.01148 x 1077 240108 x 1071 1.2013:62 % 108
Xell 1.895483 x 1070 7.574489 x 1071 379708 x 1078

25
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Table 5
(Continued)

zZ Ton Mass Fraction X; Lower Bound M,; (M) Fiducial My,
55 CsIl 287418 x 1077 1155589 x 1071 574508 x 107°
56 Balll 4167557 x 1078 166734 x 10712 8.32F197 x 10710
57 Lal 6197397 x 107° 247730 % 10°13 1247097 x 10710

La Il 2435490 x 1078 9.7413:80 % 1013 4877497 x 10710
58 Ce Il 3247236 % 1070 1307247 x 10713 6.481238 x 10711
60 Nd 11 5.09%23¢ % 107? 2041337 x 10713 1.027238 x 10710
62 Sm 11 1377236 x 1070 5467340 x 10714 2731338 x 1071

Note. The lower bound on the total ejecta mass, which is used to compute the mass of each ion in the simulation, is M; > 4.0733 x 107% M, for this model. We

highlight ions of interest: Sr1I, Y II, and Zr II.
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