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Kilonovae, one source of electromagnetic emission associated with neutron star mergers, are pow-
ered by the decay of radioactive isotopes in the neutron-rich merger ejecta. Models for kilonova
emission consistent with available modeling and the electromagnetic counterpart to GW170817 also
predict characteristic abundance patterns, determined by the relative balance of different types of
material in the outflow. Assuming the observed source is prototypical, this inferred abundance pat-
tern in turn must match r-process abundances deduced by other means, such as what is observed in
the solar system. We report on analysis comparing the input mass-weighted elemental compositions
adopted in our radiative transfer simulations to the mass fractions of elements in the Sun. We char-
acterise the extent to which our parameter inference results depend on our assumed composition
for the dynamical and wind ejecta and examine how the new results compare to previous work. We
find that a mass ratio of M, /My = 2.81 reproduces the observed AT2017gfo kilonova light curves
while also producing the abundance of neutron-capture elements in the solar system.

I. INTRODUCTION

For nearly half a century, neutron star (NS) binaries
have been known to exist in nature, stemming from the
first detection of a binary pulsar system [1]. Shortly
thereafter, the general relativistic prediction of gravita-
tional radiation from a compact object binary was mea-
sured in the same system, implying the possibility of
neutron star binary coalescence [2]. Recently, neutron
star mergers were confirmed as astrophysical sources of
both gravitational wave (GW) and electromagnetic (EM)
emission with the detection of the binary neutron star
merger GW170817 [3].

Around the same time as the first pulsar binary de-
tection, compact object mergers involving neutron stars,
either binary neutron star (BNS) or black-hole-neutron-
star (BHNS), were predicted to be candidates for rapid
neutron capture (r-process) nucleosynthesis [4]. The nu-
clei synthesized in the post-merger ejecta were thought
to be heavy (A > 140), radioactive isotopes which have
short lifetimes due to their instability [5]. As these nuclei
decayed, they would release energy into the surrounding
matter which would be emitted as thermal radiation once
the ejecta became optically thin [6]. This thermal emis-
sion is now commonly referred to as a kilonova and serves
as the bridge between the r-process elements produced
by neutron star mergers and their resultant electromag-
netic emission [7-9].

Previous studies have highlighted the importance of
nuclear physics inputs on r-process nucleosynthesis and
the resultant effect on observed kilonova emission [10, 11].
In this work, we build on quantifying the effects of nuclear
physics inputs by utilizing detailed line-binned opacity
calculations to examine how variations in the nuclear
physics inputs for both the dynamical and wind ejecta
affect r-process element production and kilonova observ-
ables.

The material ejected from BNS mergers like
GW170817 therefore produces two currently observa-
tionally accessible signatures: electromagnetic kilonova
emission from individual transients and relic r-process
abundances from stars (e.g., metal-poor stars or the
Sun). This project combines nucleosynthetic yield con-
straints assuming r-process contribution exclusively from
NS mergers and EM constraints assuming all NS mergers
look like GW170817. We investigate the effects of com-
paring elemental abundances from kilonova simulations
to the solar r-process abundance under the assumption
that second and third r-process peaks follow universal
behavior. We use this comparison to create a parame-
ter estimation prior driven by explicit consideration of r-
process elemental abundances in kilonova ejecta to gauge
the effects on recovered ejecta properties. As kilonova
models improve in complexity and more observations be-
come available for parameter estimation purposes, we
can utilize more representative simulation abundances to



hone this prior in future studies.

In this work, we will assess the extent to which our as-
sumptions about the ejected material are simultaneously
consistent with both types of aforementioned observa-
tions. Specifically, we will examine whether the abun-
dances produced by our merger simulations realistically
match the r-process abundances observed in the Sun. In
Section IT A, we discuss the atomic and nuclear physics
codes used to calculate the line-binned opacities and dy-
namical ejecta compositions, respectively, considered in
this work. In Section II B, we described our method of
comparing mass-weighted r-process abundances from our
simulations with the solar abundance pattern. Section
II C describes our parameter estimation framework and
the effects of the r-process prior introduced in this work.
In Section IIT we discuss whether the inclusion of the
r-process prior makes a substantial difference in the pa-
rameter estimation process compared to prior work.

II. METHODS
A. Simulation Setup

Our methodology follows from [12, 13] and references
therein. In brief, we use the detailed, time-dependent ra-
dioactive isotope composition results from the nucleosyn-
thesis simulations with the WinNet code [14] to determine
nuclear heating rates via contributions of individual ra-
diation species (such as a-, -, y-radiation, and fission
products) for each isotope. These contributions are also
weighted by thermalization efficiencies first presented in
[15] (see [12] for a detailed description of the adopted
nuclear heating). These heating rates and composition
effects, in conjunction with tabulated binned opacities
generated with the Los Alamos suite of atomic physics
codes [16, 17], yield the kilonova light curves used in
our parameter estimation process (see Section IT C). Our
tabulated binned opacities are not calculated for all ele-
ments; therefore, we produce opacities for representative
proxy elements by combining pure-element opacities of
nuclei with similar atomic properties [17].

The compositions presented in this work were gener-
ated using two nuclear network codes: WinNet and PRISM.
The dynamical and wind ejecta compositions considered
here and in previous work (i.e. [12, 13]) were gener-
ated using WinNet. The varied dynamical ejecta com-
positions new to this work were generated using PRISM.
PRISM is a single-zone nuclear reaction network code that
evolves an initial seed abundance of nuclei along a time-
temperature-density thermodynamic trajectory, while al-
lowing full flexibility with the input nuclear data [18]. In
this work, we use state-of-the-art nuclear reaction and
decay rates that are calculated to be self-consistent with
the nuclear mass model. Following from the thermody-
namic trajectories of dynamical ejecta from neutron star
merger simulations presented in [7], all of our PRISM runs
begin in nuclear statistical equilibrium at a temperature

of 10 GK in the thermodynamic trajectory.

Our kilonova light curve model assumptions and in-
terpolation follow directly from [13]. In summary, our
radioactive heating considerations are the same as for
the “dynamical,” “windl,” and “wind2” models in [12].
Each of our two ejecta components, dynamical and wind,
is described by a fixed elemental composition and mor-
phology. The elemental compositions are varied in this
work, but the morphologies are fixed to torus-shaped and
peanut-shaped for the dynamical and wind ejecta, respec-
tively (see [19] for a detailed discussion on morphologies).

We interpolate using Gaussian process (GP) regression
with a squared-exponential kernel and a white noise (di-
agonal) kernel. Unless otherwise noted, we quantify the
performance of our interpolation with the RMS differ-
ence between our prediction and the true value. Because
of the substantial dynamic range of our many outputs, we
interpolate in AB magnitudes using the LSST g¢rizy and
2MASS JHK bands as our reference wavelengths. Our
raw light curve models are calculated assuming a fiducial
source distance of 10 parsecs.

B. Ejecta Prior Implied by r-process Observations

In our SuperNu simulations, we adopt a two-
component compositional model and vary the mass ratio
of the two components: the dynamical (My) and wind
(M,,) ejecta. Each component has a fixed isotopic abun-
dance, computed via nucleosynthesis network [14]. For
every isotope, the combined mass fraction is simply the
mass-weighted sum of its mass fractions in the constitu-
tive components. Due to the fixed nature of the com-
positions, we weight each component’s composition by
the mass of the respective ejecta component, dynami-
cal My or wind M,,, to introduce composition variation
as a function of component mass. We varied our dy-
namical and wind component masses over a grid between
—3 <log(Mgy,w/Mg) < —1, encompassing the most real-
istic ejecta masses predicted by numerical relativity sim-
ulations of neutron star mergers [20-25].

As discussed in Section I, we want to compare the com-
bined mass fractions X, = My Xy +MgX 4 to the seem-
ingly universal pattern of elements between the 2nd and
3rd r-process peaks (the “main” r-process, [9]). This
“r-process universality” has been noted for iron-poor (or
“metal-poor”) stars that show enhancements in the main
r-process elements relative to their iron content. How-
ever, abundance patterns of metal-poor stars are neces-
sarily elemental since the abundances are derived from
atomic transitions in stellar spectra. Except for a hand-
ful of elements, the detailed isotopic distributions of -
process elements in metal-poor stars is observationally
unknown. As a proxy for a representative example of
the universal r-process, we use the well-studied solar iso-
topic abundance pattern, relying on previously-published
projections of the high-A elements into different neutron-
capture process contributions. Specifically, the r-process



fractions presented in [26] are used in conjunction with
the total abundances from [27] to isolate the contribution
to the solar abundances by the r-process.

We rescale the solar mass fractions of actinides X ac
to what they would have been at 1 day to better match
the kilonova-timescale mass fractions used in our simu-
lations. The rescaling is achieved by setting the “1-day”
solar actinide mass fractions to values that would decay
to present day values after 4.5 Gyr. The rescaled solar
mass fractions are also mapped into a subset of repre-
sentative elements with the computed tabulated binned
opacities discussed in Section IT A. Hereafter, any men-
tion of the solar mass-fraction pattern Xg refers to the
“l-day” rescaled and mapped mass fractions using data
from [26] and [27].

To get Xo and Xg;m on the same relative scale, we
introduce an offset Cicqpe that shifts X down to compa-
rable values for Xg;,,, by matching the two mass-fraction
values at some element Z. To minimize how the choice
of Cscate affects our results, we integrate over all possible
values of Cyeqie introduced by scaling X and X, to
matching values at different elements Z. After integrat-
ing over Cyeqie, We are left with a single required choice
of a new C value that sets the scale at some element
Zchoice Such that C = Xg 7., ... —Xgim, Zopoiee- We chose
Zehoice = 46 as it is one of the elements present in all the
dynamical, wind, and solar mass fractions. We note that
shifting X to be on the same relative scale as X, and
choosing a specific value of C at some Z.pyice are both
done solely for the purpose of calculating well-behaved
likelihoods.

Figure 1 shows the [X/Fe] abundances of six metal-
poor stars. The “[X/Fe]” notation means that each el-
emental ratio loge(X/Fe) is compared to the same el-
emental ratio in the solar abundance pattern. ! Stars
with [X/Fe] > 0 are considered “enhanced” in that ele-
ment relative to the solar system abundance. For many
metal-poor stars, elements with Z > 37 have an enhanced
abundance compared to iron. With the assumption that
iron was created during supernova nucleosynthesis, we
assume all elements that are enhanced compared to iron
to have been introduced post-supernova. For this work,
we assume that elements with Z > 37 originate from neu-
tron star mergers. The trends of elements with Z < 37
are less clear; they are not uniformly enhanced in stars
that are enhanced with the Z > 37 elements, likely point-
ing to multiple (non-merger) origins for these elements.
Therefore, we only consider elements from Z,,;, = 37
up to and including Z,,,, = 102 when we compute the
residual r(Mg, M,,) for all available elements in the so-
lar abundance pattern Z € Zg given a simulation with

! Definition: [X/Fe] := log (Yx/Yre) — log (Yx/Y¥e), where Yx
is the abundance (mole fraction) of the element X.
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FIG. 1. Elemental mass fraction ratios relative to iron of a
sample of r-process enriched metal-poor stars. [X/Fe] > 0
implies enhanced abundance of element X compared to the
solar system with respect to iron. We assume all elements
that are significantly enhanced compared to iron to have been
introduced post-supernova. The region of enhanced elements
(Z > 37, highlighted in blue) is the focus of our compari-
son to solar composition. The iron-peak elements and super-
nova r-process are not strongly enhanced compared to So-
lar (highlighted in yellow). Stellar elemental abundances ob-
tained from JINAbase [28] with the respective stars reported
in references [29-34].

component masses Mg, M,,:
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(1)

where r(My, M,,) is the residual for the given dynamical
and wind mass pair used to calculate Xg;,, = M, Xy +
MgXq, Z is the element’s atomic number, log X 7 is the
decimal logarithm of the solar mass fraction of element
Z, log C is the decimal logarithm of the offset match-
ing Xo to Xgm at Z = 46, log Xgim,z is the decimal
logarithm of the simulation mass fraction of element Z
in both components (if present), ¢ is the uncertainty on
log Xsim, 0¢ is the uncertainty introduced by integrating
out Cseale, X is the average solar mass fraction across
all elements, X 4, is the average simulation mass frac-
tion across all elements, and N is the total number of
elements considered.

Across a grid of My and M,,, we compute the likelihood
by minimizing the residual from Equation 1. The top
panel of Figure 2 shows the two-dimensional distribution
of mass-pair likelihoods as a function of the dynamical
and wind ejecta mass pairs from our grid, using wind
and dynamical morphologies and compositions from [13]
(see Section III for details). The bottom panel of Figure
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FIG. 2. Top: 2D distribution of likelihoods for 50 masses
spread equally log-spaced between —3 < log My < —1 for
dynamical and wind masses. The dynamical and wind com-
positions considered in creating this figure match those in [13]
and are represented by the (*) in Table I. Bottom: Composi-
tion of individual components in terms of mass fractions Xz
compared to the mass fractions of the solar r-process resid-
uals. The red and blue lines are the initial unweighted dy-
namical and wind ejecta mass fractions, respectively, scaled
to match the solar mass fraction at Z = 46. The gray line is
the solar mass fraction and the blue shaded region is the 90%
confidence interval for all the mass-weighted mass fractions
log Xsim. The dynamical ejecta mass fraction only exceeds
log X =1 due to the scale matching at Z = 46.

2 shows the individual component abundance patterns
whose combination with My and M, were compared to
the solar pattern when computing the residual.

C. Parameter Inference

As in many previous applications of Bayesian inference
to infer parameters of kilonovae [35-42], we seek to com-
pare the observed magnitudes z; at evaluation points 4
(denoting a combination of band and time) to a continu-
ous model that makes predictions m(i|@) [henceforth de-
noted by m;(0) for brevity] which depend on some model
parameters 6. Bayes theorem expresses the posterior
probability p(@) in terms of a prior probability pprior(0)
for the model parameters 8 and a likelihood £(8) of all
observations, given the model parameters, as

_ L(O)pier()
J dOL(6)pprio:(0).

Unless otherwise noted, for simplicity we assume that
the source sky location, distance, and merger time are
known. We adopt a uniform prior on the ejecta velocity
v/c € [0.05,0.3] and the two-dimensional prior discussed
in Section II B on the ejecta masses m/Mg € [0.001,0.1].

p(6) (2)

III. RESULTS

For our two-component models, assuming a single
source like GW170817 dominates the observed solar r-
process abundances, the inferred abundances from such
mergers only depend on the mass ratio M,,/My. In other
words, since in our study we emphasize only the rela-
tive and not absolute r-process abundances, motivated
by considerable uncertainty in the BNS merger rate, we
therefore only use and constrain the abundance ratios.
The relative abundances from a single channel only de-
pend on the relative proportions of this channel; for our
two-component model, thus just on M,,/M,. Thus for
each set of initial assumptions—the composition of the
dynamical ejecta (Y), the presumed nuclear mass and
fission model, and other details—our comparison with so-
lar abundances necessarily constrains M., /M, narrowly
around a prefered value, unique to that model. We note
that the abundances we are considering are effectively
frozen out for the processes we're interested in at times
later than O(1 — 2) seconds.

Table I provides a list of models and their preferred
M., /My, in the sense that they minimize the residual
mismatch with the solar abundances as calculated in
Equation 1. With a few exceptions, most models prefer
M., /My slightly above but close to unity. In other words,
most of our abundance comparisons suggest somewhat
more wind than dynamical ejecta would be required for
GW170817-like mergers to reproduce the solar r-process
abundances. These results are consistent with those



Trajectory  Mass Model  Fission Model Y. Mass Ratio Min. Residual
(M /Ma)
Wind 2 FRDM2012 FRLDM 0.035 2.81 355
Wind 2 FRDM2012 50/50 0.180 1.60 684
Wind 2 (*) FRDM2012 Panov+ (2010) 0.035 1.76 784
Wind 2 HFB24 FRLDM 0.180 1.60 832
Wind 2 HFB24 FRLDM 0.035 4.09 865
Wind 1 FRDM2012 FRLDM 0.035 0.32 927
Wind 1 HFB24 FRLDM 0.035 0.10 1436
Wind 1 FRDM2012 50/50 0.180 1.21 1474
Wind 1 FRDM2012 Panov+ (2010) 0.035 13.90 2079
Wind 1 HFB24 FRLDM 0.180 9.54 2144

TABLE I. Wind-to-dynamical mass ratios and minimum residuals for each dynamical composition considered. Mass ratios
were determined by calculating the mean mass ratio of the bottom 2nd percentile of all residuals so as to eliminate outliers.
The residuals were calculated as in Equation 1 and the minimum residual was identified as the smallest residual across all the
mass pairs considered for a given composition. The two “Wind 17 and “Wind 2” trajectories are described in [13]. The two
nuclear mass models considered are FRDM2012 and HFB24 [43, 44]. The two nuclear fission models considered in our study are
FRLDM [43] and “50/50,” a simple symmetric assumption that fission yields split into two identical nuclei. The fission rates
for the simulations performed in previous work, labeled Panov+ (2010), are taken from [45]. The (*) indicates the compositions
used in creating the surrogate light curves used during parameter estimation (see Section III).

found from other contemporary modeling [37, 41, 46, 47]
as well as numerical relativity results [20, 25, 48-50]. The
top panel of Figure 2 shows the preferred M, /My ratio
for the compositions, displayed in the bottom panel, used
n [13], indicated by the (*) in Table I. Figure 3 conveys
the same information for the composition with the lowest
residual compared to solar in our study. There is a clear
increase in the ratio of wind to dynamical ejecta mass as
can be seen in the mass ratio column of Table I as well
as the recovered ejecta mass posteriors in Figure 5.

For each set of initial assumptions, the inferred con-
straint on M., /M, therefore also strongly constrains the
ingredients powering the associated kilonova. For exam-
ple, Figure 4 shows the results of inferring the param-
eters of GW170817, using only our prior constraints on
M,, /My from the top panel of Figure 3 (and weak con-
straints on the binary orientation relative to our line of
sight). Figure 5 shows how these constraints propagate
into joint electromagnetic inference. The solid black con-
tours show inferences derived without using constraints
on M,,/My; the red contours show inferences supple-
mented with this insight, for a specific set of initial
assumptions. Even allowing for extremely conservative
systematic uncertainties on these inputs (e.g., assuming
M., /My’s optimal value is well-localized between 10 and
0.1) these prior abundance constraints should still pro-
vide useful insight into kilonova ejecta modeling.

Each set of our input assumptions about ejecta com-
position and physics makes a prediction about r-process
abundances. As shown by the last column in Table I,
some of our input assumptions fit better than others.
Given substantial systematic uncertainties associated in
the many assumptions in our study, we approach these

nominal residuals with considerable cautions. However,
the minimum residuals presented in Table I suggest that
the “wind2” model is a notably better fit to the solar
mass-fraction pattern. The sharply-divided separation
of the two wind models’ lowest residuals implies that
the “wind1” model is less indicative of r-process nucle-
osynthesis from neutron star mergers. More importantly,
the separation between the models also implies that new
models for the wind ejecta composition need to be con-
sidered in comparison to the “wind2” model. The results
of Table I indicate the need for further studies involving
updated wind ejecta composition modeling informed by
GRMHD disk simulations [24].

Our results can be improved by incorporating the ob-
served higher variability of the lighter r-process abun-
dances between the first and the second peak, compared
to the universal pattern between the second and third
r-process peaks. The lighter r-process as observed in
metal-poor stars, exhibits variation on the order of 1 dex,
while the “strong” r-process pattern varies by only about
0.3 dex [9]. An investigation with more accurate num-
bers based on careful statistical analysis of observations
will be the subject of future studies [52].

Another caveat that presents limitations to our results
is that we only incorporated very specific “wind1” and
“wind2” compositions. There can be a broad variety of
compositions permitted for electron fractions Y, > 0.20
due to varying hydrodynamic conditions. An extensitve
study of these compositions, along with the tests of how
much they can be considered “representative” of their
respective components, is beyond the scope of this work.

Finally, we note that we cannot ignore the bias intro-
duced by the dynamical ejecta composition of the sur-
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FIG. 3. Top: Same 2D distribution as described in Figure 2
except with the compositions which yielded the lowest resid-
ual in comparison to the solar abundance pattern (top row of
Table I). Bottom: Composition of individual components in
terms of mass fractions Xz compared to the mass fractions
of the solar r-process residuals. The line colors represent the
same quantities as in Figure 2. The minimum residual was
identified as the smallest residual across all the mass pairs
considered for a given composition.

rogate kilonova light curves presented in [13]. While the
constraints imposed by the r-process abundance prior in-
deed shift the recovered parameters as in Figure 5, there
still remains some contribution to the parameter estima-
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tion stemming from the surrogate models having been
trained on a different dynamical ejecta composition. In
other words, our surrogate light curves were trained us-
ing the starred ejecta compositions in Table I. Although
the primary contribution to the parameter inference in
this work comes from the prior discussed in Section 11 B,
there will be some bias from the surrogates’ original com-
positions.

IV. CONCLUSION

We have presented an approach for incorporating nu-
clear physics-based composition effects as a prior for our
kilonova parameter inference framework. With the as-
sumption that the general population of neutron star
mergers will follow consistent r-process nucleosynthesis
patterns, our approach allows for identification of best-
fitting kilonova component compositions compared to the
solar abundance. We considered a range of models with
varying nuclear physics input, and, given the assump-
tions discussed above, the best-fitting model appears to
be the one with FRDM2012 nuclear mass, FRLDM fis-
sion, Y. = 0.035 (extreme neutron richness in dynamical
ejecta), “wind 2” moderately neutron-rich composition,
and a high mass ratio: M,,/My; = 2.81. However, our
conclusions should be taken with care, since the number
of input compositions considered were quite limited.

Our method as stated assumes that a narrow distri-
bution of mergers in total mass M;,; = M7 + My domi-
nates nucleosynthesis yields. While self-evidently consis-
tent with the BNS population inferred from the merging
Galactic NS binaries, this assumption could even still
hold for a wider BNS population as suggested by GW
observations, if ejecta are (as expected) suppressed for

the most massive mergers with large M;q;.

In this work, we have considered fiducial initial condi-
tions for the outflow, including composition, without al-
lowing for correlations induced by the fact that both the
composition and outflows are initialized by BNS merg-
ers. In future work, we will explore self-consistent ini-
tialization from merger properties, in particular explor-
ing the effects of binary mass ratio and NS remnant life-
time, which should have significant impact on the ejecta
amount and composition [53-55].
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