










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 m0 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 1000× 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
∼10× 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

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 Ye, vexp, 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

Figure 11. Leave-one-out spectra for the purple+warm model. As in Figure 10, we see strong evidence for absorption from strontium 38 Sr at ∼8000 Å (inset (b)), and
tentative evidence for absorption from some combination of yttrium 39Y and zirconium 40Zr at 4500 Å (inset (a)). The similarities between the leave-one-out spectra
of the blue+hot model and the purple+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 Å is less severe.
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the spectra (and light curves) of the GW170817 kilonova, but
we find some differences.

Our inferred temperature of Tinner= 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× 10−5Me, which is well below
the 0.02Me 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 vinner= 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 =v c0.28min 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× and ∼2× smaller than the “Ye− 0.37a” and
“1st r-peak’ models of Gillanders et al. (2022), respectively.
This is because (1) our inferred ρ0 is smaller, and (2) our
photosphere is at v= 0.31c, compared to their =v c0.28min .

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

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 Sr II, Y II, and Zr II as ´-

+ -
M1.85 100.98

1.14 7 ,
´-

+ -
M2.35 100.98

1.14 7 , and ´-
+ -

M2.45 100.98
1.14 6 , respectively.

For Sr II, this mass is within a factor of ∼15% of the Ye− 0.37a
model of Gillanders et al. (2022), and within a factor of 2× the
1st r-peak model of the same work. The inferred mass of Y II
is similarly within a factor of ∼3–4× that of the Ye− 0.37a
model, and the inferred mass of Zr II is within a factor of
∼2–3× 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 20 Ca and Sr
are coproduced under many r-process conditions due to their
similar electronic structures. They find that Ca II lines will
appear in the spectrum unless XCa/XSr 0.002, and note the
absence of Ca II lines in the observed kilonova spectrum. We
do not see Ca II absorption in our model spectra, and indeed we
recover XCa/XSr∼ 10−5 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 XCa/XSr< 0.002
can be obtained with either (1) s/kB 25 and Ye∼ 0.35− 0.45,
or (2) s/kB∼ 10 and Ye 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× 10−5Me of approximately 0.02Me 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 Xlan), Ye, vexp, or 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 Ye, 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 0.311e 0.011

0.013 and moderate entropy of
= -

+s k 13.6B 3.0
4.1. 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 ∼2.5Me; compare to the total mass of 2.74Me inferred
from GWs for GW170817; Abbott et al. 2017b) in full
GRMHD with neutrino radiation and viscosity. They find a
robust Ye∼ 0.32–0.34 and s/kB∼ 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 = -

+v c 0.240exp 0.082
0.055. 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.

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, vinner, is itself a fit parameter. While
inference with an MCMC of nsamples = 102 × 104 = 106 (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 SPARK is currently unreachable. Moreover, because
TARDIS itself benefits from large parallelization, any increases in paralleliza-
tion will also decrease the run time for SPARK.
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Indeed, Fahlman & Fernández (2018) found that viscous
hydrodynamic simulations of the disk outflows cannot produce
ejecta with average velocities greater than ∼0.15c. 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 0.20 (and large mass 0.015–0.025Me) 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 = -

+Y 0.351e 0.025
0.025, expansion velocity

= -
+v c 0.176exp 0.099

0.091, and high entropy = -
+s k 25.3B 4.5

6.0 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 Ye in the dynamical ejecta. In
particular, across multiple NS equations of state and binary
mass ratios, they observed electron fractions Ye∼ 0.28–0.34
and velocities v/c∼ 0.22–0.28 in the polar ejecta, consistent
with our blue+hot model.17 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 4500Å is indeed solely from
Y II and Zr II, 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 3600Å range might absorb radiation and re-emit in the
3600–4500Å 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

this region of the spectrum, even after their inclusion of the
semiempirical extended Kurucz ATOMS lines (Kurucz 2018)
for the ions Sr I–III, Y I–II, and Zr I–III, 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 10000Å (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, Lukošiute 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; Lukošiute et al. 2022),
nor the fundamental conditions of the r-process.

17 These Ye 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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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 Ye, 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 t = 1.4 days is exceptionally
lanthanide-poor. The ejecta are dominated by elements from
the first r-process peak, including strontium 38 Sr, yttrium 39 Y,
and zirconium 40 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 purple+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 Sr II, 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 SPARK to 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

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 SPARK to any future kilonovae
discovered by follow-up of gravitational wave sources, in the
next LIGO-Virgo-KAGRA Observing Run 4 (O4) 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 Nlines

1-30 H—Zn I - IIIa 1,476,338
31 Ga I 41

Ga II 194
Ga III 2

32 Ge I 64
Ge II 22

33 As I 110

34 Se I 8

37 Rb I 143

38 Sr I 110
Sr II 695

39 Y I 5365
Y II 7753
Y III 39

40 Zr I 699
Zr II 542
Zr III 359

41 Nb I 1044
Nb II 2988
Nb III 76

42 Mo I 2892
Mo II 328

43 Tc I 52

Table 3
(Continued)

Z Ion Nlines

44 Ru I 1028
Ru II 127

45 Rh I 440
Rh II 94

46 Pd I 76
Pd II 13

47 Ag I 15
Ag II 10

48 Cd I 20
Cd II 4

49 In I 24
In II 16

50 Sn I 59
Sn II 22

51 Sb I 73

52 Te I 18

54 Xe II 33

55 Cs I 150

56 Ba I 125
Ba II 244

57 La I 267
La II 3938
La III 131

58 Ce I 903
Ce II 16,014
Ce III 3023

59 Pr I 127
Pr II 7723
Pr III 1151

60 Nd I 281
Nd II 1279
Nd III 71

62 Sm I 520
Sm II 1334
Sm III 49

63 Eu I 352
Eu II 871
Eu III 1150

64 Gd I 620
Gd II 963
Gd III 52

65 Tb I 3
Tb II 1822
Tb III 80

66 Dy I 834
Dy II 897
Dy III 1337

67 Ho I 711
Ho II 496
Ho III 1309
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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 μ(θ) of the GP
and the scale length hyperparameters ℓj in each dimension j of
θ-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.

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 0.02Me and uniform
composition above and below the photosphere.

Table 3
(Continued)

Z Ion Nlines

68 Er I 365
Er II 775
Er III 1308

69 Tm I 532
Tm II 7919
Tm III 1479

70 Yb I 83
Yb II 6794
Yb III 271

71 Lu I 247
Lu II 125
Lu III 59

72 Hf I 430
Hf II 434

73 Ta I 11,470
Ta II 3992

74 W I 1062
W II 221

75 Re I 772
Re II 47

76 Os I 891
Os II 47

77 Ir I 501
Ir II 28

78 Pt I 215
Pt II 119
Pt III 666

79 Au I 61
Au II 498
Au III 175

80 Hg I 27
Hg II 446
Hg III 42

81 Tl I 22

82 Pb I 38
Pb II 60

83 Bi I 29
Bi II 14

90 Th I 700
Th II 1448
Th III 903

92 U I 561
U II 622

TOTAL 1,597,376

Note. For elements with Z < 31, an additional 1,476,338 lines (dominated by
the iron group) are used.
a Lines acquired as available: for some doubly ionized iron-group elements,
lines are not available.

Figure 13. Hyperparameters of the GP over the course of training.
Hyperparameters include the mean value and covariance kernel length scales
of the GP, ℓj, in each dimension j of θ-space. The mean value is normalized by
102 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.
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Table 4
Mass Fractions and Masses for All Ions in the blue+hot Model with a Mass Fraction Xi � 10−9

Z Ion Mass Fraction Xi Lower Bound Mej,i [ Me] Fiducial M0.02,i

1 H I ´-
+ -5.01 101.00

0.04 5 ´-
+ -1.75 101.37

1.20 9 ´-
+ -1.00 101.00

0.04 6

H II ´-
+ -4.75 101.00

0.04 7 ´-
+ -1.66 101.37

1.20 11 ´-
+ -9.51 101.00

0.04 9

2 He I ´-
+ -8.36 101.00

4.03 1 ´-
+ -2.93 101.37

4.21 5 ´-
+ -1.67 101.00

4.03 2

3 Li II ´-
+ -2.49 101.00

0.55 8 ´-
+ -8.72 101.37

1.32 13 ´-
+ -4.98 101.00

0.55 10

4 Be II ´-
+ -8.53 101.00

0.55 9 ´-
+ -2.98 101.37

1.32 13 ´-
+ -1.71 101.00

0.55 10

6 C I ´-
+ -3.49 101.00

356.60 7 ´-
+ -1.22 101.37

356.60 11 ´-
+ -6.97 101.00

356.60 9

C II ´-
+ -4.63 101.00

356.60 6 ´-
+ -1.62 101.37

356.60 10 ´-
+ -9.26 101.00

356.60 8

7 N I ´-
+ -5.16 101.00

356.60 8 ´-
+ -1.81 101.37

356.60 12 ´-
+ -1.03 101.00

356.60 9

8 O I ´-
+ -7.72 101.00

12.24 7 ´-
+ -2.70 101.37

12.30 11 ´-
+ -1.54 101.00

12.24 8

O II ´-
+ -6.30 101.00

12.24 9 ´-
+ -2.20 101.37

12.30 13 ´-
+ -1.26 101.00

12.24 10

9 F I ´-
+ -9.59 101.00

14.04 6 ´-
+ -3.36 101.37

14.09 10 ´-
+ -1.92 101.00

14.04 7

10 Ne I ´-
+ -2.94 101.00

14.04 7 ´-
+ -1.03 101.37

14.09 11 ´-
+ -5.88 101.00

14.04 9

11 Na II ´-
+ -1.93 101.00

33.94 7 ´-
+ -6.76 101.37

33.96 12 ´-
+ -3.86 101.00

33.94 9

12 Mg II ´-
+ -5.89 101.00

33.94 7 ´-
+ -2.06 101.37

33.96 11 ´-
+ -1.18 101.00

33.94 8

13 Al II ´-
+ -6.60 101.00

12.79 8 ´-
+ -2.31 101.37

12.85 12 ´-
+ -1.32 101.00

12.79 9

14 Si II ´-
+ -5.21 101.00

12.79 7 ´-
+ -1.82 101.37

12.85 11 ´-
+ -1.04 101.00

12.79 8

15 P I ´-
+ -1.34 101.00

12.69 9 ´-
+ -4.68 101.37

12.74 14 ´-
+ -2.68 101.00

12.69 11

P II ´-
+ -5.39 101.00

6.06 7 ´-
+ -1.89 101.37

6.18 11 ´-
+ -1.08 101.00

6.06 8

16 S I ´-
+ -1.07 101.00

6.06 8 ´-
+ -3.74 101.37

6.18 13 ´-
+ -2.14 101.00

6.06 10

S II ´-
+ -1.34 101.00

3.52 6 ´-
+ -4.70 101.37

3.72 11 ´-
+ -2.68 101.00

3.52 8

17 Cl I ´-
+ -4.09 101.00

3.52 8 ´-
+ -1.43 101.37

3.72 12 ´-
+ -8.17 101.00

3.52 10

Cl II ´-
+ -7.55 101.00

3.52 9 ´-
+ -2.64 101.37

3.72 13 ´-
+ -1.51 101.00

3.52 10

18 Ar I ´-
+ -2.05 101.00

1.41 7 ´-
+ -7.16 101.37

1.85 12 ´-
+ -4.09 101.00

1.41 9

19 K II ´-
+ -1.48 101.00

1.41 7 ´-
+ -5.17 101.37

1.85 12 ´-
+ -2.96 101.00

1.41 9

20 Ca II ´-
+ -7.18 101.00

1.41 8 ´-
+ -2.51 101.37

1.85 12 ´-
+ -1.44 101.00

1.41 9

Ca III ´-
+ -1.10 101.00

5.15 7 ´-
+ -3.86 101.37

5.29 12 ´-
+ -2.21 101.00

5.15 9

21 Sc II ´-
+ -6.07 101.00

5.15 9 ´-
+ -2.13 101.37

5.29 13 ´-
+ -1.21 101.00

5.15 10

22 Ti II ´-
+ -3.45 101.00

5.15 8 ´-
+ -1.21 101.37

5.29 12 ´-
+ -6.89 101.00

5.15 10

23 V II ´-
+ -1.88 101.00

17.02 7 ´-
+ -6.59 101.37

17.06 12 ´-
+ -3.76 101.00

17.02 9

24 Cr II ´-
+ -9.65 101.00

17.02 5 ´-
+ -3.38 101.37

17.06 9 ´-
+ -1.93 101.00

17.02 6

Cr III ´-
+ -1.16 101.00

20.41 9 ´-
+ -4.04 101.37

20.45 14 ´-
+ -2.31 101.00

20.41 11

25 Mn II ´-
+ -6.20 101.00

20.41 6 ´-
+ -2.17 101.37

20.45 10 ´-
+ -1.24 101.00

20.41 7

26 Fe II ´-
+ -3.66 101.00

46.99 5 ´-
+ -1.28 101.37

47.01 9 ´-
+ -7.32 101.00

46.99 7

27 Co II ´-
+ -1.24 101.00

46.99 7 ´-
+ -4.35 101.37

47.01 12 ´-
+ -2.48 101.00

46.99 9

28 Ni II ´-
+ -1.00 101.00

34.30 4 ´-
+ -3.51 101.37

34.32 9 ´-
+ -2.00 101.00

34.30 6

29 Cu II ´-
+ -2.54 101.00

34.30 5 ´-
+ -8.90 101.37

34.32 10 ´-
+ -5.09 101.00

34.30 7

30 Zn I ´-
+ -7.42 101.00

73.25 9 ´-
+ -2.60 101.37

73.26 13 ´-
+ -1.48 101.00

73.25 10

Zn II ´-
+ -7.86 100.86

3698.81 5 ´-
+ -2.75 101.28

3698.81 9 ´-
+ -1.57 100.86

3698.81 6

31 Ga II ´-
+ -2.27 100.86

3698.81 5 ´-
+ -7.93 101.28

3698.81 10 ´-
+ -4.53 100.86

3698.81 7

32 Ge II ´-
+ -1.30 100.86

3698.81 4 ´-
+ -4.54 101.28

3698.81 9 ´-
+ -2.59 100.86

3698.81 6
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Table 4
(Continued)

Z Ion Mass Fraction Xi Lower Bound Mej,i [ Me] Fiducial M0.02,i

33 As I ´-
+ -2.95 101.00

1118.47 7 ´-
+ -1.03 101.37

1118.47 11 ´-
+ -5.91 101.00

1118.47 9

As II ´-
+ -1.15 101.00

1118.47 4 ´-
+ -4.03 101.37

1118.47 9 ´-
+ -2.30 101.00

1118.47 6

34 Se I ´-
+ -1.01 101.00

1118.47 5 ´-
+ -3.53 101.37

1118.47 10 ´-
+ -2.02 101.00

1118.47 7

Se II ´-
+ -1.07 100.98

18627.73 2 ´-
+ -3.76 101.36

18627.73 7 ´-
+ -2.15 100.98

18627.73 4

35 Br I ´-
+ -2.14 100.98

18627.73 4 ´-
+ -7.48 101.36

18627.73 9 ´-
+ -4.28 100.98

18627.73 6

Br II ´-
+ -1.04 100.98

18627.73 3 ´-
+ -3.64 101.36

18627.73 8 ´-
+ -2.08 100.98

18627.73 5

36 Kr I ´-
+ -4.06 100.99

5859.54 2 ´-
+ -1.42 101.37

5859.54 6 ´-
+ -8.12 100.99

5859.54 4

Kr II ´-
+ -9.31 100.99

5859.54 4 ´-
+ -3.26 101.37

5859.54 8 ´-
+ -1.86 100.99

5859.54 5

37 Rb II ´-
+ -2.53 100.99

5859.54 2 ´-
+ -8.84 101.37

5859.54 7 ´-
+ -5.05 100.99

5859.54 4

38 Sr II ´-
+ -1 35 10. 1.00

920.70 3 ´-
+ -4 72 10. 1.37

920.70 8 ´-
+ -2 70 10. 1.00

920.70 5

Sr III ´-
+ -2.65 101.00

920.70 2 ´-
+ -9.29 101.37

920.70 7 ´-
+ -5.31 101.00

920.70 4

39 Y II ´-
+ -3 55 10. 1.00

920.70 3 ´-
+ -1 24 10. 1.37

920.70 7 ´-
+ -7 10 10. 1.00

920.70 5

Y III ´-
+ -2.68 101.00

298.76 3 ´-
+ -9.37 101.37

298.76 8 ´-
+ -5.35 101.00

298.76 5

40 Zr I ´-
+ -1.23 101.00

298.76 9 ´-
+ -4.31 101.37

298.76 14 ´-
+ -2.46 101.00

298.76 11

Zr II ´-
+ -3 50 10. 1.00

298.76 2 ´-
+ -1 23 10. 1.37

298.76 6 ´-
+ -7 01 10. 1.00

298.76 4

Zr III ´-
+ -1.24 101.00

318.33 3 ´-
+ -4.33 101.37

318.34 8 ´-
+ -2.48 101.00

318.33 5

41 Nb II ´-
+ -7.49 101.00

318.33 5 ´-
+ -2.62 101.37

318.34 9 ´-
+ -1.50 101.00

318.33 6

Nb III ´-
+ -5.13 101.00

318.33 8 ´-
+ -1.80 101.37

318.34 12 ´-
+ -1.03 101.00

318.33 9

42 Mo II ´-
+ -4.40 101.00

456.69 3 ´-
+ -1.54 101.37

456.69 7 ´-
+ -8.80 101.00

456.69 5

Mo III ´-
+ -5.93 101.00

456.69 9 ´-
+ -2.08 101.37

456.69 13 ´-
+ -1.19 101.00

456.69 10

43 Tc II ´-
+ -2.18 101.00

456.69 4 ´-
+ -7.64 101.37

456.69 9 ´-
+ -4.37 101.00

456.69 6

Tc III ´-
+ -2.50 101.00

203.20 8 ´-
+ -8.74 101.37

203.20 13 ´-
+ -4.99 101.00

203.20 10

44 Ru I ´-
+ -5.54 101.00

203.20 9 ´-
+ -1.94 101.37

203.20 13 ´-
+ -1.11 101.00

203.20 10

Ru II ´-
+ -7.20 101.00

203.20 3 ´-
+ -2.52 101.37

203.20 7 ´-
+ -1.44 101.00

203.20 4

Ru III ´-
+ -5.07 101.00

179.83 9 ´-
+ -1.77 101.37

179.83 13 ´-
+ -1.01 101.00

179.83 10

45 Rh II ´-
+ -5.23 101.00

179.83 4 ´-
+ -1.83 101.37

179.83 8 ´-
+ -1.05 101.00

179.83 5

46 Pd I ´-
+ -2.55 101.00

115.22 9 ´-
+ -8.91 101.37

115.23 14 ´-
+ -5.09 101.00

115.22 11

Pd II ´-
+ -1.10 101.00

115.22 3 ´-
+ -3.84 101.37

115.23 8 ´-
+ -2.19 101.00

115.22 5

47 Ag II ´-
+ -2.55 101.00

115.22 4 ´-
+ -8.94 101.37

115.23 9 ´-
+ -5.11 101.00

115.22 6

48 Cd I ´-
+ -6.49 101.00

94.70 9 ´-
+ -2.27 101.37

94.71 13 ´-
+ -1.30 101.00

94.70 10

Cd II ´-
+ -2.27 101.00

94.70 4 ´-
+ -7.95 101.37

94.71 9 ´-
+ -4.54 101.00

94.70 6

49 In II ´-
+ -6.99 101.00

208.53 6 ´-
+ -2.45 101.37

208.54 10 ´-
+ -1.40 101.00

208.53 7

50 Sn II ´-
+ -6.25 101.00

208.53 5 ´-
+ -2.19 101.37

208.54 9 ´-
+ -1.25 101.00

208.53 6

Sn III ´-
+ -1.91 101.00

208.53 8 ´-
+ -6.70 101.37

208.54 13 ´-
+ -3.83 101.00

208.53 10

51 Sb II ´-
+ -9.76 101.00

38.01 6 ´-
+ -3.42 101.37

38.03 10 ´-
+ -1.95 101.00

38.01 7

52 Te II ´-
+ -7.71 101.00

38.01 6 ´-
+ -2.70 101.37

38.03 10 ´-
+ -1.54 101.00

38.01 7

53 I I ´-
+ -1.07 101.00

38.01 8 ´-
+ -3.74 101.37

38.03 13 ´-
+ -2.14 101.00

38.01 10

I II ´-
+ -3.03 101.00

9.27 6 ´-
+ -1.06 101.37

9.35 10 ´-
+ -6.05 101.00

9.27 8

54 Xe I ´-
+ -1.27 101.00

9.27 9 ´-
+ -4.43 101.37

9.35 14 ´-
+ -2.53 101.00

9.27 11

Xe II ´-
+ -7.68 101.00

24.70 9 ´-
+ -2.69 101.37

24.73 13 ´-
+ -1.54 101.00

24.70 10

Note. Columns include the atomic number Z, the name of the ion, the mass fraction Xi of the ion, and the mass of the ion in our simulation, using our inferred lower
bound on the ejecta mass > ´-

+ -
M M3.5 10ej 3.3

4.2 5 . We also include the mass of the ion assuming some fiducial total ejecta mass of Mej = 0.02 Me and a uniform
composition above and below the photosphere. We highlight ions of interest: Sr II, Y II, and Zr II.
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Table 5
Same as Table 4, for the purple+warm Best-fitting model

Z Ion Mass Fraction Xi Lower Bound Mej,i (Me) Fiducial M0.02,i

1 H I ´-
+ -1.69 100.78

1.93 4 ´-
+ -6.74 101.07

2.06 9 ´-
+ -3.37 100.78

1.93 6

H II ´-
+ -8.27 100.78

1.93 7 ´-
+ -3.31 101.07

2.06 11 ´-
+ -1.65 100.78

1.93 8

2 He I ´-
+ -6.79 100.50

1.20 2 ´-
+ -2.72 100.88

1.40 6 ´-
+ -1.36 100.50

1.20 3

3 Li II ´-
+ -1.34 100.50

0.90 7 ´-
+ -5.34 100.88

1.16 12 ´-
+ -2.67 100.50

0.90 9

4 Be I ´-
+ -8.10 100.50

0.90 9 ´-
+ -3.24 100.88

1.16 13 ´-
+ -1.62 100.50

0.90 10

Be II ´-
+ -5.56 100.58

1.22 5 ´-
+ -2.23 100.93

1.42 9 ´-
+ -1.11 100.58

1.22 6

5 B II ´-
+ -5.45 100.58

1.22 8 ´-
+ -2.18 100.93

1.42 12 ´-
+ -1.09 100.58

1.22 9

6 C I ´-
+ -3.06 100.58

1.22 7 ´-
+ -1.22 100.93

1.42 11 ´-
+ -6.11 100.58

1.22 9

C II ´-
+ -2.12 100.66

1.39 6 ´-
+ -8.47 100.98

1.57 11 ´-
+ -4.23 100.66

1.39 8

7 N I ´-
+ -2.01 100.66

1.39 8 ´-
+ -8.02 100.98

1.57 13 ´-
+ -4.01 100.66

1.39 10

8 O I ´-
+ -1.11 100.74

4.42 6 ´-
+ -4.45 101.03

4.48 11 ´-
+ -2.23 100.74

4.42 8

O II ´-
+ -4.70 100.74

4.42 9 ´-
+ -1.88 101.03

4.48 13 ´-
+ -9.40 100.74

4.42 11

9 F I ´-
+ -1.20 100.89

18.89 8 ´-
+ -4.78 101.15

18.91 13 ´-
+ -2.39 100.89

18.89 10

20 Ca II ´-
+ -6.75 100.89

18.89 7 ´-
+ -2.70 101.15

18.91 11 ´-
+ -1.35 100.89

18.89 8

Ca III ´-
+ -5.41 100.81

6.35 7 ´-
+ -2.16 101.08

6.39 11 ´-
+ -1.08 100.81

6.35 8

21 Sc II ´-
+ -2.17 100.81

6.35 8 ´-
+ -8.70 101.08

6.39 13 ´-
+ -4.35 100.81

6.35 10

22 Ti II ´-
+ -1.05 100.88

17.53 5 ´-
+ -4.21 101.14

17.54 10 ´-
+ -2.11 100.88

17.53 7

Ti III ´-
+ -4.27 100.88

17.53 8 ´-
+ -1.71 101.14

17.54 12 ´-
+ -8.53 100.88

17.53 10

23 V II ´-
+ -1.28 100.92

2.72 4 ´-
+ -5.14 101.17

2.81 9 ´-
+ -2.57 100.92

2.72 6

V III ´-
+ -2.58 100.92

2.72 8 ´-
+ -1.03 101.17

2.81 12 ´-
+ -5.17 100.92

2.72 10

24 Cr I ´-
+ -4.43 100.92

2.72 8 ´-
+ -1.77 101.17

2.81 12 ´-
+ -8.85 100.92

2.72 10

Cr II ´-
+ -2.33 100.94

4.41 1 ´-
+ -9.31 101.19

4.47 6 ´-
+ -4.65 100.94

4.41 3

Cr III ´-
+ -1.43 100.94

4.41 6 ´-
+ -5.71 101.19

4.47 11 ´-
+ -2.85 100.94

4.41 8

25 Mn I ´-
+ -6.86 100.94

4.41 9 ´-
+ -2.75 101.19

4.47 13 ´-
+ -1.37 100.94

4.41 10

Mn II ´-
+ -7.89 100.99

62.39 3 ´-
+ -3.16 101.23

62.39 7 ´-
+ -1.58 100.99

62.39 4

Mn III ´-
+ -1.44 100.99

62.39 7 ´-
+ -5.76 101.23

62.39 12 ´-
+ -2.88 100.99

62.39 9

26 Fe I ´-
+ -2.45 100.99

62.39 7 ´-
+ -9.78 101.23

62.39 12 ´-
+ -4.89 100.99

62.39 9

Fe II ´-
+ -9.32 100.76

22.49 2 ´-
+ -3.73 101.05

22.51 6 ´-
+ -1.86 100.76

22.49 3

Fe III ´-
+ -2.17 100.76

22.49 7 ´-
+ -8.66 101.05

22.51 12 ´-
+ -4.33 100.76

22.49 9

27 Co I ´-
+ -1.12 100.76

22.49 9 ´-
+ -4.48 101.05

22.51 14 ´-
+ -2.24 100.76

22.49 11

Co II ´-
+ -1.77 100.56

0.60 4 ´-
+ -7.07 100.92

0.94 9 ´-
+ -3.54 100.56

0.60 6

28 Ni I ´-
+ -7.32 100.56

0.60 7 ´-
+ -2.93 100.92

0.94 11 ´-
+ -1.46 100.56

0.60 8

Ni II ´-
+ -1.24 100.56

0.60 1 ´-
+ -4.98 100.92

0.94 6 ´-
+ -2.49 100.56

0.60 3

Ni III ´-
+ -2.40 100.58

1.69 9 ´-
+ -9.59 100.93

1.84 14 ´-
+ -4.79 100.58

1.69 11

29 Cu I ´-
+ -8.23 100.58

1.69 8 ´-
+ -3.29 100.93

1.84 12 ´-
+ -1.65 100.58

1.69 9

Cu II ´-
+ -1.51 100.58

1.69 2 ´-
+ -6.03 100.93

1.84 7 ´-
+ -3.02 100.58

1.69 4

30 Zn I ´-
+ -7.30 100.60

0.53 6 ´-
+ -2.92 100.94

0.90 10 ´-
+ -1.46 100.60

0.53 7

Zn II ´-
+ -4.06 100.60

0.53 2 ´-
+ -1.62 100.94

0.90 6 ´-
+ -8.12 100.60

0.53 4

31 Ga I ´-
+ -1.16 100.60

0.53 9 ´-
+ -4.62 100.94

0.90 14 ´-
+ -2.31 100.60

0.53 11

Ga II ´-
+ -1.64 100.56

0.43 2 ´-
+ -6.58 100.92

0.84 7 ´-
+ -3.29 100.56

0.43 4

32 Ge I ´-
+ -2.66 100.56

0.43 7 ´-
+ -1.07 100.92

0.84 11 ´-
+ -5.33 100.56

0.43 9

Ge II ´-
+ -3.88 100.56

0.43 2 ´-
+ -1.55 100.92

0.84 6 ´-
+ -7.76 100.56

0.43 4

Ge III ´-
+ -8.71 100.63

0.67 8 ´-
+ -3.49 100.96

0.98 12 ´-
+ -1.74 100.63

0.67 9

33 As I ´-
+ -2.67 100.63

0.67 5 ´-
+ -1.07 100.96

0.98 9 ´-
+ -5.33 100.63

0.67 7

As II ´-
+ -5.45 100.63

0.67 3 ´-
+ -2.18 100.96

0.98 7 ´-
+ -1.09 100.63

0.67 4
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Table 5
(Continued)

Z Ion Mass Fraction Xi Lower Bound Mej,i (Me) Fiducial M0.02,i

34 Se I ´-
+ -1.00 100.59

0.80 4 ´-
+ -4.01 100.93

1.08 9 ´-
+ -2.01 100.59

0.80 6

Se II ´-
+ -5.61 100.59

0.80 2 ´-
+ -2.24 100.93

1.08 6 ´-
+ -1.12 100.59

0.80 3

35 Br I ´-
+ -1.14 100.65

0.82 3 ´-
+ -4.57 100.97

1.09 8 ´-
+ -2.28 100.65

0.82 5

Br II ´-
+ -2.89 100.65

0.82 3 ´-
+ -1.16 100.97

1.09 7 ´-
+ -5.78 100.65

0.82 5

36 Kr I ´-
+ -6.12 100.65

0.82 2 ´-
+ -2.45 100.97

1.09 6 ´-
+ -1.22 100.65

0.82 3

Kr II ´-
+ -7.25 100.65

0.84 4 ´-
+ -2.90 100.98

1.11 8 ´-
+ -1.45 100.65

0.84 5

37 Rb II ´-
+ -2.07 100.65

0.84 2 ´-
+ -8.29 100.98

1.11 7 ´-
+ -4.14 100.65

0.84 4

38 Sr II ´-
+ -4 62 10. 0.66

0.88 3 ´-
+ -1 85 10. 0.98

1.14 7 ´-
+ -9 25 10. 0.66

0.88 5

Sr III ´-
+ -4.75 100.66

0.88 2 ´-
+ -1.90 100.98

1.14 6 ´-
+ -9.51 100.66

0.88 4

39 Y II ´-
+ -5 88 10. 0.66

0.88 3 ´-
+ -2 35 10. 0.98

1.14 7 ´-
+ -1 18 10. 0.66

0.88 4

Y III ´-
+ -2.31 100.66

0.89 3 ´-
+ -9.23 100.98

1.15 8 ´-
+ -4.62 100.66

0.89 5

40 Zr I ´-
+ -4.06 100.66

0.89 9 ´-
+ -1.63 100.98

1.15 13 ´-
+ -8.13 100.66

0.89 11

Zr II ´-
+ -6 13 10. 0.66

0.89 2 ´-
+ -2 45 10. 0.98

1.15 6 ´-
+ -1 23 10. 0.66

0.89 3

Zr III ´-
+ -1.12 100.30

0.41 3 ´-
+ -4.49 100.79

0.83 8 ´-
+ -2.25 100.30

0.41 5

41 Nb II ´-
+ -2.15 100.30

0.41 4 ´-
+ -8.61 100.79

0.83 9 ´-
+ -4.30 100.30

0.41 6

Nb III ´-
+ -7.62 100.15

1.01 8 ´-
+ -3.05 100.74

1.24 12 ´-
+ -1.52 100.15

1.01 9

42 Mo I ´-
+ -7.13 100.15

1.01 9 ´-
+ -2.85 100.74

1.24 13 ´-
+ -1.43 100.15

1.01 10

Mo II ´-
+ -1.71 100.35

0.59 2 ´-
+ -6.84 100.80

0.93 7 ´-
+ -3.42 100.35

0.59 4

Mo III ´-
+ -1.18 100.35

0.59 8 ´-
+ -4.73 100.80

0.93 13 ´-
+ -2.37 100.35

0.59 10

43 Tc II ´-
+ -8.75 100.38

0.87 4 ´-
+ -3.50 100.82

1.14 8 ´-
+ -1.75 100.38

0.87 5

Tc III ´-
+ -5.15 100.41

0.96 8 ´-
+ -2.06 100.84

1.20 12 ´-
+ -1.03 100.41

0.96 9

44 Ru I ´-
+ -6.01 100.41

0.96 8 ´-
+ -2.40 100.84

1.20 12 ´-
+ -1.20 100.41

0.96 9

Ru II ´-
+ -4.13 100.37

1.20 2 ´-
+ -1.65 100.82

1.41 6 ´-
+ -8.26 100.37

1.20 4

Ru III ´-
+ -1.49 100.37

1.20 8 ´-
+ -5.95 100.82

1.41 13 ´-
+ -2.98 100.37

1.20 10

45 Rh I ´-
+ -8.74 100.37

1.20 9 ´-
+ -3.50 100.82

1.41 13 ´-
+ -1.75 100.37

1.20 10

Rh II ´-
+ -4.86 100.37

0.79 3 ´-
+ -1.95 100.82

1.07 7 ´-
+ -9.73 100.37

0.79 5

46 Pd I ´-
+ -5.19 100.37

0.79 8 ´-
+ -2.08 100.82

1.07 12 ´-
+ -1.04 100.37

0.79 9

Pd II ´-
+ -1.18 100.37

0.79 2 ´-
+ -4.72 100.82

1.07 7 ´-
+ -2.36 100.37

0.79 4

47 Ag I ´-
+ -9.45 100.46

0.96 9 ´-
+ -3.78 100.86

1.21 13 ´-
+ -1.89 100.46

0.96 10

Ag II ´-
+ -3.00 100.46

0.96 3 ´-
+ -1.20 100.86

1.21 7 ´-
+ -6.00 100.46

0.96 5

48 Cd I ´-
+ -2.43 100.46

0.96 7 ´-
+ -9.72 100.86

1.21 12 ´-
+ -4.86 100.46

0.96 9

Cd II ´-
+ -4.47 100.55

1.07 3 ´-
+ -1.79 100.91

1.29 7 ´-
+ -8.94 100.55

1.07 5

Cd III ´-
+ -1.12 100.55

1.07 9 ´-
+ -4.47 100.91

1.29 14 ´-
+ -2.24 100.55

1.07 11

49 In II ´-
+ -2.22 100.55

1.07 4 ´-
+ -8.87 100.91

1.29 9 ´-
+ -4.43 100.55

1.07 6

50 Sn I ´-
+ -6.40 100.58

1.26 9 ´-
+ -2.56 100.93

1.46 13 ´-
+ -1.28 100.58

1.26 10

Sn II ´-
+ -5.45 100.58

1.26 3 ´-
+ -2.18 100.93

1.46 7 ´-
+ -1.09 100.58

1.26 4

Sn III ´-
+ -8.61 100.58

1.26 7 ´-
+ -3.44 100.93

1.46 11 ´-
+ -1.72 100.58

1.26 8

51 Sb I ´-
+ -1.67 100.59

1.08 7 ´-
+ -6.66 100.94

1.30 12 ´-
+ -3.33 100.59

1.08 9

Sb II ´-
+ -1.08 100.59

1.08 3 ´-
+ -4.31 100.94

1.30 8 ´-
+ -2.16 100.59

1.08 5

Sb III ´-
+ -2.51 100.59

1.08 9 ´-
+ -1.00 100.94

1.30 13 ´-
+ -5.01 100.59

1.08 11

52 Te I ´-
+ -1.19 100.63

1.13 7 ´-
+ -4.77 100.96

1.34 12 ´-
+ -2.38 100.63

1.13 9

Te II ´-
+ -7.22 100.63

1.13 4 ´-
+ -2.89 100.96

1.34 8 ´-
+ -1.44 100.63

1.13 5

53 I I ´-
+ -1.88 100.63

1.13 6 ´-
+ -7.51 100.96

1.34 11 ´-
+ -3.76 100.63

1.13 8

I II ´-
+ -2.78 100.69

1.62 4 ´-
+ -1.11 101.00

1.77 8 ´-
+ -5.56 100.69

1.62 6

54 Xe I ´-
+ -6.01 100.69

1.62 7 ´-
+ -2.40 101.00

1.77 11 ´-
+ -1.20 100.69

1.62 8

Xe II ´-
+ -1.89 100.68

1.65 6 ´-
+ -7.57 100.99

1.80 11 ´-
+ -3.79 100.68

1.65 8
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Table 5
(Continued)

Z Ion Mass Fraction Xi Lower Bound Mej,i (Me) Fiducial M0.02,i

55 Cs II ´-
+ -2.87 100.68

1.65 7 ´-
+ -1.15 100.99

1.80 11 ´-
+ -5.74 100.68

1.65 9

56 Ba III ´-
+ -4.16 100.78

1.97 8 ´-
+ -1.66 101.06

2.10 12 ´-
+ -8.32 100.78

1.97 10

57 La II ´-
+ -6.19 100.78

1.97 9 ´-
+ -2.47 101.06

2.10 13 ´-
+ -1.24 100.78

1.97 10

La III ´-
+ -2.43 100.78

1.97 8 ´-
+ -9.74 101.06

2.10 13 ´-
+ -4.87 100.78

1.97 10

58 Ce III ´-
+ -3.24 100.80

2.36 9 ´-
+ -1.30 101.08

2.47 13 ´-
+ -6.48 100.80

2.36 11

60 Nd III ´-
+ -5.09 100.80

2.36 9 ´-
+ -2.04 101.08

2.47 13 ´-
+ -1.02 100.80

2.36 10

62 Sm III ´-
+ -1.37 100.80

2.36 9 ´-
+ -5.46 101.08

2.47 14 ´-
+ -2.73 100.80

2.36 11

Note. The lower bound on the total ejecta mass, which is used to compute the mass of each ion in the simulation, is > ´-
+ -

M M4.0 10ej 2.9
2.9 5 for this model. We

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