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ABSTRACT

We study the production of very light elements (Z < 20) in the dynamical and spiral-wave wind ejecta
of binary neutron star mergers by combining detailed nucleosynthesis calculations with the outcome
of numerical relativity merger simulations. All our models are targeted to GW170817 and include
neutrino radiation. We explore different finite-temperature, composition dependent nuclear equations
of state and binary mass ratios, and find that hydrogen and helium are the most abundant light
elements. For both elements, the decay of free neutrons is the driving nuclear reaction. In particular,
~ 0.5 — 2 x 107%M, of hydrogen are produced in the fast expanding tail of the dynamical ejecta,
while ~ 1.5 — 11 x 1076M, of Helium are synthesized in the bulk of the dynamical ejecta, usually in
association with heavy r-process elements. By computing synthetic spectra, we find that the possibility
of detecting hydrogen and helium features in kilonova spectra is very unlikely for fiducial masses and
luminosities, even when including non local thermodynamics equilibrium effects. The latter could be
crucial to observe He lines a few days after merger for faint kilonovae or for luminous kilonovae ejecting
large masses of helium. Finally, we compute the amount of strontium synthesized in the dynamical
and spiral-wave wind ejecta, and find that it is consistent with (or even larger than, in the case of a
long lived remnant) the one required to explain early spectral features in the kilonova of GW170817.
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1. INTRODUCTION

Binary neutron star (BNS) mergers are primary sites
for the production of heavy elements in the Universe
through the rapid neutron capture process (r-process,
e.g. 7?7?). This association was confirmed by the detec-

tromagnetic (EM) counterpart of the BNS gravitational
wave (GW) signal GW170817 (??). The luminosity evo-
lution of the UV /visible/IR transient AT2017gfo is in-
deed in agreement with the heating rate and opacity
expected from a distribution of freshly synthesized r-
process elements (e.g. 77777).

A few days after merger the spectrum of AT2017gfo
reveals emission and absorption features qualitatively
compatible with the forest of lines expected for matter
rich in heavy elements (in particular, lanthanides and
actinides). However, the firm identification of spectral
features attributable to specific elements whose mass
number is larger than A ~ 100 was so far not robust (see
however 7?, for interesting attempts). The main difficul-
ties here lie in the huge number of possible bound-bound
and bound-free transitions that provide the bulk of the
photon opacity in matter enriched in heavy elements,
and in our still poor knowledge of these atomic tran-
sitions. Additionally, the high expansion speed of the
matter expelled by BNS mergers (ejecta) and its non
uniform spatial distribution are expected to cause a sig-
nificant and non-trivial line broadening. However, in the
early kilonova phases most of the ejecta are still opaque
to radiation: only the fastest ejecta have become trans-
parent and form an atmosphere that can alter the ther-
mal emission coming from the underlying photosphere.
The composition of this thin atmosphere could actu-
ally provide spectral features whose origin is possibly
easier to identify. Indeed, the spectrum at 1.5 days of
AT2017gfo resembles a black body emission with a sig-
nifical residual around 8000 A whose analysis suggested
the presence of strontium (Sr, ?), a light r-process ele-
ment whose production in the Universe is however dom-
inated by the slow neutron capture (see e.g. 7).

The discovery of EM counterparts of BNS mergers
detected in GWs is a challenge that often requires pro-
longed observations of multiple candidate transients,
due to the uncertainties in the sky localization of the
source. The identification of lines in their spectra and
the comparison with the expected abundances can help
discriminate between more and less plausible candi-
dates. This approach heavily relies on detailed theo-
retical modelling of the ejecta from BNS mergers and
of the subsequent early kilonova emission. Different
mechanisms, acting on different timescales, are respon-
sible for multiple ejecta components, whose properties

mainly depend on the still uncertain equation of state
(EOS) of nuclear matter and on the binary mass ratio
(see e.g. 7, and references therein). The dynamical (see
e.g. 7?7?72727777) and spiral-wave wind (??) ejecta are
the earliest and fastest ejecta, thus becoming transpar-
ent within the very first days and possibly providing
key spectral features. Larger amounts of matter are ex-
pelled later in the form of baryonic disk winds (see e.g.
?727272727277). In these cases the ejection mechanisms
are, for example, turbulent viscosity of magnetic ori-
gin, neutrino irradiation, magnetic pressure. This larger
amount of mass expanding with lower speed (compared
to the dynamical ejecta) is expected to become trans-
parent only after a few days.

In this paper, we investigate in a systematic way the
production of very light elements (lighter than calcium)
in BNS mergers, focusing in particular on hydrogen and
helium, based on detailed merger simulations. For the
first time, we directly connect the thermodynamics con-
ditions for their production to the binary properties
(mass ratio and EOS), and we study their early de-
tectability in kilonova spectra. The presence of H in
the dynamical ejecta of BNS mergers was already pre-
dicted by ??. Indeed, in these works it was noticed that
the head of the dynamical ejecta can contain ~ 10~4Mg
of free neutrons expanding at 2 0.4¢, not captured by
seed nuclei due to their sudden drop in density. In addi-
tion to producing a peculiar neutron-powered precursors
of kilonovae (?), this fast expanding matter would pro-
vide an envelope of hydrogen around the ejecta. In this
paper, we want to check the amount of H with respect
to the inclusion of weak interactions in merger simula-
tions and in the modelling of the merger through full
general relativistic simulations (see also ?7). Moreover,
we want to test if H can give possible spectral features.
Also the production of He has been reported in the anal-
ysis of the abundances obtained in the dynamical ejecta
of BNS mergers (see e.g. 7). However, its origin and its
dependence on the binary parameters and on the EOS
have never been investigated, as well as its spectral de-
tectability.

In addition to the very light elements, we also study
the production of strontium since this element was
claimed to be detected in AT2017gfo. We want to test
if its inferred amount is compatible with our predictions
and if this information can help discriminate between
different merger models of GW170817.

The paper is structured as follows. In Sec. (2), we
present the methods used in our analysis: in particular,
the BNS merger simulations, Sec. (2.1); the nucleosyn-
thesis calculations, Sec. (2.2); and the kilonova spectrum
model, Sec. (2.3). Our results are presented in Sec. (3),
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focusing first on the nucleosynthetic yields, Sec. (3.1);
then on the nuclear processes responsible for their pro-
duction, Sec. (3.2), and on the analysis of the ejecta
conditions, Sec. (3.3); finally on the kilonova spectral
features, Sec. (3.4). We summarize and discuss our re-
sults in Sec. (4) and Sec. (5).

2. METHOD
2.1. Binary neutron star merger simulations

Nucleosynthesis in BNS mergers depends mainly on
three physical parameters: the specific entropy (s), the
electron fraction (Y.), and the expansion timescale (7)
(?). BNS merger ejecta cannot be characterized by a
single value of these parameters. A distribution in the
(s,Y,, ) space is instead expected.

In this work, we consider results of Numerical Rela-
tivity (NR) simulations performed with the WhiskyTHC
code (?7?7). The latter is a NR code that solves the Ein-
stein’s equations in the 3+1 Z4c free-evolution scheme
(??) coupled to general relativistic hydrodynamics on
adaptive mesh-refinement grids. WhiskyTHC employs
high-resolution shock capturing algorithms and imple-
ments finite-temperature, composition dependent nu-
clear EOSs, an approximate neutrino transport scheme
(??), and the general-relativistic large eddy simulations
method (GRLES) for turbulent viscosity of magnetic
origin (??). The code was specifically designed to model
the late inspiral, merger and post-merger phase of BNS
mergers.

We consider 3 models whose chirp mass is targeted
to the GW170817 event (?) labelled as BLh_equal,
BLh_unequal, and DD2_equal. The first and the third
one have M; = My = 1.364M,, while the second one
has M; = 1.856 My > My = 1.020Ms. The BLh_equal
and BLh_unequal models employ the softer BLh nuclear
EOS (?), an hadronic EOS whose high density part
has been derived using the finite temperature exten-
sion of the Brueckner-Bethe-Goldstone quantum many-
body theory in the Brueckner-Hartree-Fock approxima-
tion. This EOS predicts a maximum mass of 2.10M
for a cold, non-rotating NS. The DD2_equal model uses
the stiffer HS(DD2) EOS (??). This EOS was derived
in the framework of relativistic mean field models, uses
density-dependent couplings at high density, and pre-
dicts a maximum NS mass of 2.42Ms. Both these
EOSs are consistent with current nuclear and astrophys-
ical constraints and roughly bracket uncertainties in the
properties of matter above nuclear densities.

For all simulations the adaptive mesh refinement is
characterised by seven nested grids with 2:1 refinement
level. Each physical set-up is run at least at two different
resolutions, sometimes even at three. The linear resolu-

tion in the finest level is of ~ 246m, ~ 187m, ~ 125m
for the low, standard, and high resolution case, respec-
tively. We denote the three cases as LR, SR and HR,
respectively. All models include neutrino radiation and,
in particular, neutrino absorption in optically thin con-
ditions. The latter is crucial to correctly predict the
composition of the dynamical ejecta (??7?). For each
model we consider both simulations with and without
turbulent viscosity. All the simulations employed in this
work were presented in 77?7? where more details can be
found.

Tidal torques and shock waves produced by the bounc-
ing remnant unbind matter within a few milliseconds
(the so-called dynamical ejecta). For equal mass bina-
ries, a softer EOS produces stronger shocks and larger
shock-heated ejecta, while tidal ejection within a cres-
cent across the equatorial characterises very unequal
mass mergers. The dynamical ejecta are obtained by
applying the geodetic extraction criterion. A summary
of the amount of dynamical ejecta for the three different
models, as well as a list of the employed simulations,
can be seen in the upper part of Table 1. The mass
values are computed as the arithmetic average of the
distribution of the ejecta masses obtained by consider-
ing the different available resolutions and by including
both viscous and unviscous simulations. The (possibly
asymmetric) errors correspond to the minimum and the
maximum differences between the average and distribu-
tion of the actual masses. Additionally, the DD2_equal
and BLh_equal simulations were extended up to several
tens of milliseconds after merger (and in particular, up
to ~90-100 ms post merger in the SR cases) showing
the development of a m = 1 spiral arm in the central
remnant. The spiral arm propagates into the disk, trans-
porting angular momentum outwards and producing a
matter outflow in the form of a spiral wave wind. The
presence of this wind is directly related to the presence
of a non-collapsed remnant in the center (this justifies
why we did not compute the wind for the BLh_unequal
model, in which a prompt BH formation occurs). More-
over the corresponding ejection rate did not show signs
of attenuation at the end of the simulations. We decided
to estimate the ejection rate in the form of a spiral wave
wind by considering the longest simulations available,
i.e. the SR ones. The SR simulations of the BLh_equal
model produce 1.08 x 1072M, around 105 ms for the
simulation without viscosity, and 1.61 x 102 M, around
90 ms for the viscous simulation of spiral wave wind
ejecta, obtained by using the Bernoulli extraction cri-
terion. The SR simulations of the DD2_equal model
produce 1.23 x 10~2M, around 80 ms post merger for
the simulation without viscosity, and 1.58 x 1072M,
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Dynamical ejecta

Model M1 M2
[Mo] | [Mo]

Viscosity & Resolution

Meej mHu MHe msr
[10°Mo] | [107°Mo] | [10~°Mo] | [107°Mo)]

BLh_equal 1.364 | 1.364

vis: (LR,SR); no-vis: (LR,SR,HR)

1.377022 | 152705, | 3.871551 | 3.017547

BLh_unequal | 1.856 | 1.020

vis: (SR,HR); no-vis: (SR,HR) 9.21512

. . .14
0.78703% | 9257153 | 0.25%91%

DD2_equal | 1.364 | 1.364 | vis: (LR,SR,HR); no-vis: (LR,SR,HR) | 1.36707%

1705057 | 31200755 | 2914550

Spiral wave wind ejecta

Model M1 M2 Viscosity & Resolution Ryind Xu XHe Xsr
[Mo] | [Mo] [10~'Mp s™'] | [107°] [107°] [107?]
BLh_equal | 1.364 | 1.364 | vis: (LR,SR); no-vis: (LR,SR) 1.574+0.42 | 0.92F535 | 9.8073%82 | 2.1270%8
DD2_equal | 1.364 | 1.364 | vis: (LR,SR,HR); no-vis: (LR,SR) | 1.58+0.04 | 6.647252 | 457135 | 3.5815%5

Table 1. Properties of the dynamical ejecta (top) and of the spiral wave wind ejecta (bottom). For each BNS merger model
we indicate the masses of the two NSs (M1 and M) and the corresponding set of available simulations, differing by resolution
and physical viscosity of turbulent origin. For the dynamical ejecta, we report the total, H, He and Sr ejected masses. For the
spiral wave wind ejecta, we report the average ejection rate and the H, He and Sr mass fractions. The reported numbers are
the mean values, averaged over the set of simulations, while the errors corresponds to the distance between the average and the

largest or smallest values.

around 107 ms post merger for the viscous simulation.
When considering that this wind develops starting 10ms
after merger, we estimate the spiral wave wind ejecta
rate, Ryind, to be (1.57 & 0.42) x 107'My s~ and
(1.58 4 0.04) x 107'Mg s=! for the BLh_equal and
DD2_equal model, respectively (see the bottom part of
Table 1). Once again, for each model the actual values
and their uncertainties have been computed using the
average and the differences between the two available
simulations.

2.2. Nucleosynthesis

To compute time-dependent yield abundances we use
the publicly available nuclear network SkyNet includ-
ing 7843 isotopes up to 337Cn (?). We employ the lat-
est JINA REACLIB database (?), while using the same
set-up as in 7 for the other input nuclear physics. In
particular, strong inverse rates are computed assuming
detailed balance. Spontaneous and neutron-induced fis-
sion rates are taken from 77, adopting fission barriers
and fission fragment distributions from ?7?. The de-
fault version of SkyNet does not include S-delayed fis-
sion reactions. However, we do not expect them to affect
the synthesis of light elements, but only of neutron-rich
heavy nuclei and therefore the final abundances near the
second r-process peak (see, e.g., 7). Also, they do not
significantly alter the abundances of nuclei surviving to
fission after neutron freeze out and undergoing a-decay,
and so we also assume that their contribution to He
abundance in low Y. conditions is negligible. Nuclear
masses are taken from the REACLIB database, which
includes experimental values where available and theo-

retical masses from the finite-range droplet macroscopic
model (FRDM, ?) otherwise.

SkyNet requires time-dependent trajectories of La-
grangian fluid elements to predict the temporal evolu-
tion of the abundances. We initialised all trajectories in
NSE at Ty = 6 GK. For a given electron fraction and
entropy, the NSE solver determines the corresponding
initial density, pg, by considering a fully ionised ideal
gas of ions, electrons and photons. After that, matter
density evolves first through an exponential phase and
then to a homologous expansion (?):

—t/T fort <3
poe or t < 3T,
p(t) = (1)

po (37/ (et))®  otherwise.

The tracer temperature is evolved consistently to the
expansion, accounting for nuclear heating. The tracer
and the abundances of all relevant nuclear species are
evolved up to 10° s.

To cover the relevant intervals we perform exten-
sive nucleosynthesis calculations over wide ranges of
7, Yo, and s, namely: 0.5 < 7 [ms] < 200, 1.5 <
s [k baryon~!] < 300, and 0.01 < Y, < 0.48, by con-
structing a 18 x 26 x 25 regular grid (approximately log-
arithmic in the two former quantities and linear in the
latter). The above ranges span the relevant expected in-
tervals for the ejecta properties of compact binary merg-
ers.

We finally obtain time dependent abundances from
the convolution of the yields tabulated with SkyNet with
the distribution of ejecta properties from the simula-
tions. From each BNS simulations we extract the mass
weighted distribution of the ejecta in the (s,Ye, voo)
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space by inspecting the properties of the unbound mat-
ter on a coordinate sphere of radius 294km. The solid
angle is discretized in Ny = 51 polar and Ny = 51 az-
imuthal angular bins, uniform in both the 6 and ¢ an-
gles. We stress that we do not perform any averaging
procedure over the angular variables. vy, is the asymp-
totic velocity computed as voo = ¢ (1 — 7_2)1/2. In the
case of the geodetic criterion, v = u; is the time compo-
nent of the 4-velocity, while for the Bernoulli criterion,
v = uh, where h is the relativistic specific enthalpy per
baryon. The expansion timescale is computed starting
from the density and velocity obtained from the simu-
lations at the extraction radius, following the procedure
introduced in 77.

2.3. Kilonova spectra

The possible presence of light elements in BNS merger
ejecta raises the question of whether they can produce
recognisable features in the observable spectra. To ad-
dress this issue, we use the open-source spectral syn-
thesis code TARDIS (?) to produce spectral models
for the predicted ejecta abundances and physical condi-
tions. TARDIS is a Monte Carlo radiative-transfer code
that operates in one dimension assuming the ejecta are
spherically symmetric. In particular, it prescribes a
thermal emission at the photosphere and then predicts
the spectrum emerging after the radiation has inter-
acted with the above atmosphere at a certain time after
merger. Matter within the atmosphere is discretized by
Lagrangian radial mass shells of monotonically increas-
ing speed in velocity space. The code inputs include the
luminosity at the photosphere, the density profile and
the composition of the ejecta between the photosphere
and the head of the ejecta. A set of atomic data for the
relevant ions and the adopted approximations in com-
puting the ionization/excitation state of the atoms in
the ejecta, as well as the handling of matter-radiation
interactions, are also required (see references in 777).

The presence of lanthanides and actinides significantly
increases matter opacity in BNS merger ejecta (?7) such
that radiation drives the expanding ejecta toward lo-
cal thermodynamical equilibrium (LTE) conditions (7).
However we cannot exclude the possibility that the H
and He lines are boosted by non local thermodynamical
equilibrium (NLTE) effects similar to those observed in
the ejecta of supernovae (SNe). Indeed, helium excita-
tion and ionisation rates in supernova ejecta are strongly
affected by non-thermal electron collisions, produced
by 7-rays resulting from the radioactive decay of 56Ni
(??727). The significant sensitivity of He to these effects
is due to the large energy gap (20 eV) between the He
I ground state and its first excited state, and to the

metastability of its first two excited states. Since He
in BNS merger ejecta is often embedded in radioactive
material and the Q-value of °°Ni decay is comparable to
the one of r-process element decays during the kilonova
timescale, it is reasonable to assume that similar effects
could occur also in kilonovae. TARDIS models LTE con-
ditions between matter and radiation, but it also offers
a variety of approximate NLTE treatments of ionization
and excitation (for example the nebular approximation
for the ionization balance). Among them, TARDIS in-
cludes an analytical approximation for the NLTE he-
lium level population that was developed for the He-rich
ejecta of double detonation type Ia supernovae (7).

Additionally, strong departures from LTE can arise
even without the presence of high-velocity electrons.
The radiation field above the photosphere is typically
dilute compared to that of a blackbody. In these con-
ditions, the rate of collisions with thermal electrons is
often too low to establish LTE populations for the low
densities in the outer layers of the ejecta. The result-
ing NLTE effects significantly affect the hydrogen line
strengths, as observed in type II SNe (?7??). To model
these effects, we use the TARDIS version presented in
?, which has already been applied to modeling H-rich
ejecta in NLTE conditions (?). This version of the
code includes a more complete treatment of radiation-
matter interactions including bound-free and free-free
processes, as well as collisions between ions and thermal
electrons. The modified code solves the statistical equi-
librium equations for the ion and level number densities
without relying on the Boltzmann and Saha equations.

In addition to the nucleosynthesis yields provided by
our BNS and nucleosynthesis calculations, we require
a model for the ejecta profile and photosphere evolu-
tion. In accordance with the symmetry employed by
TARDIS, we consider the analytic spherically symmetric
model presented in ?. In particular, we assume a ho-
mologously expanding layer of ejecta of total mass M,
average expansion speed Vayg, and uniform gray opacity
k. The latter should be intended as an effective, average
opacity related to the more physical and detailed energy-
dependent one and to the relevant radiation spectrum.
Typical values of x for kilonovae range between 1 and a
few tens cm? g~!, depending on the matter composition
(see e.g. 7). The density profile is described by:

5 ) 3
p(t,r) = po (;{)) (1_(vm:xt)2> (2

where Umax = 1280,y /63 and pot§ = 315M /(64703

max)'

The time dependent photospheric radius, Rpn(t), is de-
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Figure 1. Number abundances of very light elements
(Z < 20), strontium, lanthanides and actinides in the dy-
namical and spiral wave wind ejecta for the three BNS mod-
els considered in this work, at two days after merger. The
abundances of lanthanides, actanides and of all elements be-
tween lithium and potassium are summed. H, He and Sr are
robustly synthetized in the dynamical ejecta of equal mass
mergers, while Sr is also significantly produced in the spi-
ral wave wind ejecta. The production of elements between
lithium and potassium is subdominant.

fined by the condition:

Rmax(t) 2
/ p(t,T‘)H dr = g ) (3)

Rpn (t)
while the mass outside the photosphere is computed as:

Ruax(t)

Mg, (t) = 47r/ p(t,r)r?dr. (4)

Rph (t)

Each fluid element expands with constant radial speed
v and the relation between the (Lagrangian) velocity
coordinate and the (Eulerian) radial coordinate is v =
rt.

3. RESULTS
3.1. Nucleosynthesis: overview

In Fig. (1) we present number abundances of selected
elements in the ejecta of the three considered models,
two days after merger. For each model, the abundance
values are obtained as the averages over all available
simulations, while the error bars are the maximum and
minimum difference with respect to the average. Among
the lightest elements (Z < 20), H and He are the most
abundant species, while all the elements between lithium
and potassium are usually several orders of magnitudes
less abundant (Y < 107°). When considering the dy-
namical ejecta, the production of H and He appears
robust and their abundances vary only within one order
of magnitude even when changing the EOS stiffness or

the binary mass ratio. H and He abundances are compa-
rable to (or even larger than) lanthanides and actinides,
as well as to Sr abundance, unless the binary is very
asymmetric. Light element production is less significant
in the spiral-wave wind ejecta, where the production of
the first and second r-process peak elements is favored.
However, we stress that the spiral-wave wind ejecta (red
and yellow line) should be always considered in combi-
nation with the dynamical ejecta coming from the same
model. In the case of a long-lived remnant, due to the
larger spiral-wave wind contribution, H and He tend to
be slightly underproduced with respect to Sr and heavy
r-process elements.

In addition to the number abundances, our simula-
tions can provide also the masses of the different el-
ements. In the upper part of Table 1 we report the
masses of H, He and Sr in the dynamical ejecta for the
different merger models. Once again, the central val-
ues correspond to the arithmetic averages while the un-
certainties to the largest difference between the average
and the distribution of the actual values. Since the spi-
ral wave wind ejecta have not saturated by the end of
our equal mass simulations and the precise amount of
ejecta depends on the central remnant lifetime, in the
bottom part of Table 1 we provide the mass fraction of
the above elements in the spiral wave wind ejecta.

Matter ejection from BNS mergers is not isotropic and
from our models we can extract the angular distributions
for the different atomic species. In Fig. (2) we present
the polar distribution factor for an element 4, f;(), de-

fined as:
4 1 [ dM;
fi(a) = ﬁﬂ (277/0 a0 d¢> s (5)

i.e. the ratio between the actual angular distribution
of the mass of a certain element (averaged over the az-
imuthal angle) and the equivalent isotropic one (M; /4m).
This factor measures how much the obtained ejecta dis-
tributions differ from an isotropic distribution. For the
dynamical ejecta expelled by equal mass mergers (left
panels), the total amount of mass (black solid line)
shows a larger distribution at lower latitudes and a clear
decrease (more pronounced in the case of the stiffer DD2
EOS) moving toward the poles. This is consistent with
previous results (see e.g. ?) and testifies that, despite
being emitted over the entire solid angle, the dynami-
cal ejecta are not isotropic. H and He are distributed
at all latitudes but in associations with different ele-
ments: close to the equator, together with heavier ele-
ments (e.g. with lanthanides and actinides); at high lat-
itude, with lighter r-process elements (as Sr). This sug-
gests a distinct origin, especially for He. For the dynam-
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Figure 2. Polar distribution function (defined as the ratio between the actual angular distribution and the isotropic equivalent,
averaged over the azimuthal angle) of the ejected mass for some of the elements reported in Fig. (1) and Table 1, as a function of
the polar angle 6. Distributions for which f ~ 1 are closer to an isotropic distribution. The distribution of the total ejecta (black
and thick solid line) traces the actual presence of the ejecta. The four panels refer to the dynamical ejecta of the BLh_equal
(top-left), the dynamical ejecta of BLh_unequal (top-right), the dynamical ejecta of DD2_equal (bottom-left), and to the spiral
wave wind ejecta of DD2_equal (bottom-right). For each model, we considered unviscous, SR simulations as representative

simulations.

ical ejecta produced by very asymmetric mergers (top-
right panel), most of the ejecta is concentrated across
the equator (??7?), where heavy elements and He are
significantly synthesised, while H and Sr are produced
at higher latitudes, where the amount of ejecta is signif-
icantly smaller or even negligible. Finally, for the spiral
wave wind ejecta (bottom-right panel), matter ejection
happens predominantly at low latitudes, but in this case
the production of heavy nuclei and He is more limited
to the region across the equator (70° < 6 < 110°), H
is negligible everywhere (since fy(#) is maximum when
frota1(f) is minimum), while light r-process elements,

like Sr, trace well the overall ejecta distribution, with a
significant excess/deficiency at very high/low latitudes,
respectively.

3.2. Nucleosynthesis: analysis

We investigate the origin of very light elements and
of Sr first by presenting their abundances in Fig. (3),
alongside with the sum of the lanthanides and actinides
ones. These abundances were obtained by considering
individual trajectories characterized by broad ranges of
Y. and s, and two expansion timescales that bracket
the relevant scales for dynamical and spiral-wave wind
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Abundances at 2 days for 7 = 1.0 ms (top)

and 7 )

trajectories

= 11.4 ms (bottom

1072

10~
107°

10°
10°1
1072
1073
1074
10-°

Figure 3. Number abundances of hydrogen, helium, strontium, and lanthanides and actinides summed together, as a function
of Y and s, for 7 ~ 1.0 ms (top) and 7 ~ 10 ms (bottom), at 2 days after merger, as obtained by our parametric nucleosynthesis

calculations.

ejecta, namely 7 = 1 ms and 7 = 11.4 ms, corresponding
t0 Voo S ¢ and v, & 0.1¢, respectively. Despite the fact
that in Fig. (1) we presented also the sum of the elements
with 3 < Z < 19, we do not report here their detailed
abundances since they are subdominant and they do not
produce any relevant feature on the presented scales.

3.2.1. Hydrogen

The presence of H in the ejecta is related to high-s
and low-Y, matter that expands very rapidly, as visible
in the top left panel of Fig. (3) (see also ?7?). In these
conditions, H is produced as a decay product of free neu-
trons within a few tens of minutes. Indeed the ejecta at
NSE freeze-out is composed mostly of free n’s, several
percents in mass of a particles and very few heavier
seed nuclei (A < 100). Due to the extremely fast den-
sity drop, a large fraction of n’s do not participate in
the r-process (7). The larger the abundance of H is,
the smaller the abundance of heavy elements is, with a
narrow intermediate regime of comparable abundances.
For 7 2 10 ms, H production becomes always negligi-
ble, unless for combinations of extremely high and low
values of entropy and electron fraction, respectively.

3.2.2. Helium

As visible in Fig. (3), the production of He can happen
both in the absence of and in association with heavy el-
ements, as also suggested by the simulation yields. The
former case is realized for Y, 2 0.45, when most neu-

trons are locked inside strongly bound nuclei (includ-
ing o’s) at NSE freeze out, and the ratio between free
neutrons and seed nuclei is not large enough to guaran-
tee r-process nucleosynthesis beyond the second peak.
The latter case takes place in two different regimes:
i) at high entropy (s > 60kp baryon—!) for a broad
range of electron fractions (Y, < 0.4); ii) at low entropy
(s < 60kp baryon~1) for relatively low electron fractions
(Y. <0.23). The high-s regime was considered for many
years as the main scenario for r-process nucleosynthesis
in supernova winds (e.g. ??77?). High-s conditions favor
the production of « particles and fewer heavier seed nu-
clei at NSE freeze-out (o-rich freeze-out). The free neu-
trons are captured by the few seed nuclei to produce the
heaviest elements, while for Y. 2 0.40 the neutron-to-
seed ratio becomes too small for this process to occur.
In the low-Y,., low-s regime, He production correlates
with the production of heavy r-process elements, par-
ticularly of actinides. In these conditions, matter stays
sufficiently dense while cooling to produce neutron rich
iron group nuclei in NSE conditions. However, not all
free neutrons are bound in nuclei so that they can be
captured to produce heavy nuclei through the r-process.
To identify which processes are responsible for this cor-
relation we focus on three representative low-s, low-Y,
trajectories. We fix, in particular, s = 10 kg baryon—!
and 7 = 10 ms, while we consider Y, = 0.15,0.25,0.35.
In the top panels of Fig. (4) we represent the abundances
of a few selected isotopes as a function of time (measured
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Figure 4. Evolution of a few selected abundances (top) and some relevant reaction timescales (bottom) for three low entropy
trajectories. For all trajectories, s = 10 kg baryon~' and 7 = 10 ms, while Y, = 0.15,0.25, 0.35 moving from left to right. Before
n freeze-out, reactions involving deuterium and tritium account for « particle production, while after a-decay of translead nuclei.
Vertical dotted lines correspond to the time at which the temperature drops below 3 GK, roughly corresponding to the NSE

freeze-out, and to the time when a-decays become effective.
< 0.45 the faster freeze-out and the lack of translead nuclei produce a lower Y.

02<Y.

~

with respect to the time when T' = 5 GK), including free
neutrons (n), deuterium (d), tritium (t), and « particles.
Other He isotopes are always subdominant by several
orders of magnitude, and will be neglected in the fol-
lowing analysis. In the bottom panels we report some
relevant timescales. The lifetime of He is computed as
The = |(AVie/dt) /Yire| . Similarly, we introduce the
average radiative neutron capture timescale per nucleus
as:

> Yiaz

= (6)
> Yo Yalov)a,z)
Az

T,y =

the average photodissociation timescale per nucleus as:

> Yiaz

. A Z (7)
O T S YoMz
Az

the a production timescale through t+t —n+n+ «

reaction as:
Y,

T+t = Y:EQ <Uv>t+t 3

(8)

The point when Y,, = 10™* is also presented as n freeze-out. For

the He production timescale through d +t — n + « re-

action as: v
«@
Td = = 5 9
+t YdYt<0’U>d+t ( )
and finally the average a-decay timescale per nucleus as:
> Ya,z)
AZ

To— = . 10
a—decay Z YY(A,Z))\Q,(A,Z) ( )
AZ

In the previous expressions Y4, z) is the number abun-
dance of a nucleus with atomic number Z and mass
number A, (0v)z,4, Ay, (a,2), and A, (4,z) are the cor-
responding neutron capture rate, photodisintegration
(v, n) rate, and a-decay rate, respectively, (o)t 4+ repre-
sents the t + t reaction rate, while (ov)q1¢ the d 4 t re-
action rate. Helium is initially depleted to form heavier
iron group nuclei in expanding matter under NSE con-
ditions, up to the point when charged-particle freeze-out
occurs (T 2 3 GK). Despite the initially larger o abun-
dance, in the Y, = 0.35 trajectory, due to the lower neu-
tron abundance, (n, a) reactions are inefficient in pro-
ducing He that is instead effectively destroyed through
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(o, n) reactions, thus reducing Yy, more significantly
than for smaller Y.’s. After NSE freeze-out, (n,~)-
(v, 1) equilibrium guarantees a high neutron density and
neutron-to-seed ratio, and starting from seed nuclei with
A <100 drives the formation of heavier nuclei through
the r-process nucleosynthesis, far from the valley of sta-
bility. The high abundance of free neutrons provides
also an almost steady supply of free protons (through n-
decay) and thus the efficient formation of d and t. Reac-
tions such as t +t —n +n+ *He and d +t — n + *He
are not in equilibrium with their inverse. As a conse-
quence He nuclei accumulate and increase their abun-
dance till (n,7)-(y,n) equilibrium freezes-out (visible in
the figure when Y,, < 107%). When Y, drops, tritium
and deuterium are no more produced and the production
of He is halted. As visible in the lower panels of Fig. (4),
THe 1S accounted by 744t and especially 74 in the time
window between the end of NSE and the drop of Yy,
clearly demonstrating that these two reactions are the
main He production channel. At later times (¢ 2 2 s),
a-decay of translead nuclei (if produced) becomes sig-
nificant and Yy, increases further. Lower initial Y, (i.e.,
a larger Y, &~ 1 — Y¢) results in: i) a wider time win-
dow over which t and d can be efficiently produced and
converted into He; ii) a larger abundance of a-decaying
translead nuclei. This picture is further confirmed by the
fact that if n decay is artificially removed from Skynet
YHe stays initially frozen, before increasing only at ¢ 2>
2 s due to « decays. When present (Y. < 0.2), a decays
can change He abundance by a factor of 2 on a timescale
of several days after merger, comparable to the kilonova
timescale. The relative importance between charged re-
actions and a-decays has been analyzed in more detail
in Appendix ?77.

3.2.3. Elements from Lithium to Potassium

For all elements between Lithium and Potassium,
the predicted abundances are usually below 10~ over
the whole parameter space. Only for a few elements
(namely, Beryllium, Nitrogen, Oxygen and Neon), abun-
dances can be slightly above 107° in corners of the pa-
rameter space (usually, Y, < 0.3 and high entropy). In
the case of high entropy ejecta, at NSE freeze-out the
densities are rather low (= 10°g cm~3). In the result-
ing a-rich freeze-out conditions, the building of light ele-
ments through a+«a+n and triple-a reactions is very in-
efficient (unless the density of free neutrons can partially
compensate). In the case of low entropy and possibly low
Y, conditions, the nuclei distribution at NSE freeze-out
is dominated by neutron-rich seed nuclei around the iron
group (with A ~ 70—90). This distribution extends also
towards lower mass numbers, but it is lower-bounded by

the N = 20 and Z = 20 magic numbers. The subsequent
r-process nucleosynthesis produces nuclei with A > 40.
For low electron fractions, N can be significantly larger
than Z, but the high neutron-to-seed ratio drives the
nucleosynthesis far from calcium isotopes. For relatively
large Y. (Y. 2 0.4), the starting seeds are close to the
valley of stability and S-decays are not effective in sig-
nificantly lowering the atomic number. All this prevents
the efficient formation of nuclei below calcium and other
than H and He both in high and low entropy r-process
nucleosynthesis.

3.2.4. Strontium

Fig. (3) shows how the production of elements of
the first r-process peak and immediately above it (as
Sr) crucially depends on the ejecta Y.. Indeed, for
02 < Y. < 0.38 Sr is robustly produced for en-
tropy lower than ~ 100 kg baryon~!. In these condi-
tions, a weak r-process nucleosynthesis occurs: at NSE
freeze-out, typical seed nuclei are in the mass range of
A = 50 — 80 and the neutron-to-seed ratio is of a few
tens. The subsequent neutron captures produce nuclei
up to A ~ 90, including Sr, but the nucleosynthesis
does not reach the second r-process peak. Within this
regime, a significant increase of Yg, is observed only for
0.35 < Y. < 0.38, while at relatively large entropy
(20 < s[kg baryon—!] < 80) Sr is produced with a
lower threshold Y, (< 0.20). For s 2> 100kp baryon—!
or Y, 2 0.48, a-rich freeze-out occurs. Sr can be also
produced in a-rich freeze-out conditions (see, e.g., 77),
but only for 20 < s[kg baryon™!] < 120 and Y, > 0.4.
Indeed, for lower entropy the neutron-to-seed ratio de-
creases too much and the nucleosynthesis stops at the
first r-process peak, while for larger entropy the density
at NSE freeze-out is too low to allow 3 body reactions
and most of the a particles do not further interact.

3.3. Ejecta conditions

We are now in the position to understand in which dy-
namics and thermodynamics conditions the abundances
presented in Fig. (1) have been synthesized by con-
volving the thermodynamic distribution of the ejecta
from the simulations with the distribution of abundances
computed as a function of the ejecta conditions, as vis-
ible in Fig. (3). In Fig. (5) and Fig. (6) we present the
normalized, mass weighted histograms as extracted from
three of the simulations considered in this work, one for
each BNS model. We tested that the overall features
discussed below depend neither on the resolution nor
on the inclusion of physical viscosity. For each angular
bin, the 3D distributions have been marginalized either
with respect to 7 (first and third columns) or Y, (sec-
ond and forth columns). Since the ejection of matter is
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Figure 5. Mass weighted, normalized histograms of the (Y, s, 7) conditions for the dynamical ejecta extracted from the SR,
viscous simulation of the BLh_equal model (left four panels), and of the BLh_unequal model (right four panels). For each
simulation, we distinguish between the (Y, s) (left panel) and (7, s) (right panel) planes, and a high (top panel) and a low

(bottom panel) latitude angle.
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Figure 6. Same as in Fig. (5), but for a SR, non-viscous simulation of the DD2_equal model, employing the stiffer HS(DD2)
EOS. In this case, we consider both dynamical ejecta (left four panels) and spiral wind ejecta (right four panels).

usually anisotropic, we consider two representative polar
angles, one close to the polar axis (top panels) and one to
the equatorial plane (bottom panels), while we integrate
along the azimuthal direction. The bulk of the ejecta
have low entropy (s < 40 kg baryon~1!) and is very neu-

tron rich, with equatorial ejecta being usually charac-
terised by lower Y, and lower entropy. However, at both
angles a high entropy tail (with s > 60 kg baryon—1)
expanding at high speeds (7 < 5ms) is visible. This
high-entropy, high-velocity tail in the ejecta is a signa-
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ture of the so-called shock heated ejecta, produced by
the bouncing remnant. This tail is more important for
softer nuclear EOS, producing more violent mergers and
stronger shocks. In the case of very different colliding
NS masses the properties of the ejecta are qualitatively
different. In this case, the dynamical ejecta are mainly
produced by the tidal disruption of the lightest NS. Po-
lar ejecta are almost absent and the equatorial ejecta are
dominated by low entropy, low Y. matter that expand
with 7 ~ 10ms. The high-entropy, high-velocity tail in
their ejecta distribution is almost absent.

For equal mass mergers, in the case of the softer BLh

EOS most of the H and He are efficiently synthesized
in the high-s, fast expanding tail of the shock-heated
component of the dynamical ejecta, while the subdomi-
nant He synthesized in low-s, low-Y, conditions roughly
traces the less abundant heavy r-process element dis-
tributions. For the stiffer DD2 EOS, the merger is
less violent. The high-s tail of the shock-heated dy-
namical ejecta is thus less relevant and its contribu-
tion to the He production becomes comparable to the
low-s, low-Y, contribution. H is still produced, but
slightly less efficiently. For the same merger model,
the spiral wind ejecta have a pronounced, narrow peak
in the velocity-entropy space, around 7 ~ 8 ms and
s = 20 kg baryon!, and a broad Y, distribution with
a peak around 2 0.3, but extending down to 0.1. Thus,
the production of H is suppressed while He is synthetized
less efficiently than in the dynamical ejecta and in as-
sociation with the more abundant lanthanides and ac-
tinides. For the unequal mass case, because of the lack
of the high entropy tail, low-s, low-Y, matter is the main
source of He, tracing the presence of heavy r-process el-
ements, more abundant than He by a few.
Strontium is synthesized in the high latitude dynamical
and in the spiral-wave wind ejecta. In these ejecta, neu-
trino irradiation plays a fundamental role in increasing
Y. above the production threshold. The larger entropy
and Y, obtained in the case of spiral-wave winds or softer
EOS enhance its production by a factor of a few. On the
contrary, the equatorial ejecta that characterize very un-
equal mass merger are efficiently shielded from neutrino
irradiation, preventing Sr production.

3.4. Kilonova spectra

To test whether the H and He synthesised in the early
ejecta of BNS mergers can produce features, we compute
synthetic kilonova spectra using TARDIS, initialized with
the ejecta properties derived in our models. We consider
a fiducial ejecta model characterized by 1.5 x 1073 M, of
dynamical ejecta and 1.95 x 10~2 My, of spiral wave wind
ejecta (obtained by considering Ryinga = 0.15Mg s~1 act-

ing for Atywing = 0.13s). The dynamical ejecta expand
at an average speed of 0.22¢, while the spiral wave wind
ejecta at 0.15c. We assume that the two ejecta have
interacted producing a single homologously expanding
profile;, which however retains information about the
ejecta stratification in the composition (i.e. we assume
no large scale mixing on the kilonova timescale). The ex-
panding ejecta are thus described by the profile Eq. (2),
where M is the sum of the two ejecta masses and vayg
is obtained by imposing linear momentum conservation,
i.e. it is the mass weighted speed. We assume 10~5M,
of H, located at the top head of the ejecta and moving at
~ 0.33c. We note that this speed is ~ 30% lower than
the speed of the fast expanding tail of the dynamical
ejecta as extracted from our simulations at ~10ms after
merger. This is a consequence of the adoption of a sin-
gle profile for the whole ejecta at the kilonova timescale.
Since this produces a possibly denser H layer, the follow-
ing analysis should be intended as an upper limit on the
explored effects. We further assume that H is produced
in association with heavy elements with a mass fraction
of Xy = 0.5 (see e.g. 7). Below it, we consider a mixture
of r-process elements, inside which He is uniformly dis-
tributed inside the top part of the ejecta, corresponding
to the dynamical ejecta only (i.e., we consider no He in
the underlying spiral wave wind ejecta). For the sake
of concreteness, we consider low latitude emission (to
which a larger solid angle is associated) and we assume
k = 10 cm? g=!. Based on Eq. (3) and Eq. (4), we
estimate the amount of ejecta (and thus of H and He)
in optically thin conditions and the speed of matter at
the photosphere. Additionally, we consider representa-
tive values of the luminosity at the photosphere, based
on time-dependent bolometric luminosity models fitted
against AT2017gfo (?), ranging from 1.6 x 10*2erg s~!
a few hours after merger to 4 x 10*'erg s~! at 2-3 days.
The set of all these values are considered as baseline val-
ues, while we test the robustness of our results both with
respect to the H and He masses, and to the bolometric
luminosity. The results of our investigation are reported
in Table 2.

We first consider the spectra obtained by consider-
ing LTE conditions in the ejecta. For all explored con-
figurations, i.e. starting from the baseline models and
increasing the H or the He mass, and the photosphere
luminosities up to a factor of 20, we do not observe any
observable feature in the spectrum at ~ 5 and 8 hours,
and at 2 and 3 days for H and He, respectively. We
choose these times because the range 0.2-0.3 days is the
time interval when we expect the outer H-rich shell to
become optically thin. For helium, we investigate 2 and
3 days after merger, since these are the times when we



VERY LIGHT ELEMENTS IN BNS MERGERS 13

Time | mu or mue | fir Lon Uph (N)LTE Notes Effects
[days] | [107°Mg] | [-] | [10"erg s™"] €]
Hydrogen
0.2-0.3 1.0 1.0 16 0.3 LTE baseline none
0.2-0.3 1-20 1.0 16 - 320 0.3 LTE sensitivity none
0.2-0.3 1.0 1.0 16 0.3 NLTE baseline none
0.2-0.3 1-20 1.0 1-320 0.3 NLTE | sensitivity Ha line for Lpn < 2.15 and my 2 10
Helium
2 4 0.52 4 0.25 LTE baseline none
2 4-80 0.51 4-80 0.25 LTE sensitivity none
3 4 1.0 4 0.235 LTE baseline none
3 4-80 1.0 4-80 0.235 LTE sensitivity none
2 4 0.52 4 0.25 NLTE baseline none
2 4-80 0.51 0.2-80 0.25 | NLTE | sensitivity | He I feature for 0.27 < Lpn < 0.96 and mpe = 4
3 4 1.0 4 0.235 | NLTE baseline none
3 4-80 1.0 0.2-80 0.235 NLTE | sensitivity He I feature for mue > 40 and Lpn =4
He I feature for 0.48 < Lpn < 1.5 and mpe = 4

Table 2. Summary of the kilonova spectra results obtained using TARDIS. At early times after merger (top, 0.2 — 0.3 days) we
consider tiny kilonova atmospheres rich in H, while at later times (bottom, 2 — 3 days) larger atmospheres with He. For each
time, we consider a baseline model characterized by a certain amount of H or He, my and mue, a certain transparency factor,
fir, corresponding to the fraction of the element mass outside the photosphere, a photospheric luminosity and velocity, Lpn and
Uph, respectively. We study the sensitivity of our results with respect to LTE VS NLTE, and with respect to the element masses

and photospheric luminosity.

expect ~ 50% and ~ 100% of He to be above the photo-
sphere in our models. These results can be understood
by considering that for the density and temperature con-
ditions expected during a kilonova and assuming LTE,
H and He recombine to atomic form very rapidly, see
Appendix ??. Only for slowly expanding ejecta, ionized
states are present up to a few hours after the merger.
In fact, while a few hours after explosions the ejecta
temperature reaches 10° K, already at 0.5 day the tem-
perature drops to 10* K. In these conditions, the small
predicted masses of H and He are not expected to pro-
duce persistent lines. These results depend very weakly
on the specific trajectory.

We explore the possible impact of NLTE excitations
by using the analytical approximation for the NLTE He
level population developed inside TARDIS for the He rich
ejecta of double detonation type Ia SNe (?). The pre-
dicted He line strength changes dramatically with the
NLTE treatment. In these explorations, we also test the
case of photospheric luminosities lower than the base-
line value. While for the fiducial values of He mass and
luminosity no clear features can be observed, a larger
amount of He can produce a visible broad He I A 10831
line. In particular, using our baseline photospheric lu-
minosity at two days (4 x 104 erg s7!), an absorption
feature becomes visible for my, > 8 x 107°M,. Lower

masses (of the order of 4 x 1076 M, comparable with
our baseline value) of He can produce the He I A 10831
feature for days if the kilonova is fainter than our ref-
erence case. For example, at two days we obtained the
same He I A 10831 feature if the luminosity is between
2.7 x 1040 ergs™! and 9.6 x 10%%rgs~!, while at three
days if L = 3.8 x 109 — 1.5 x 10*ergs™?, see Fig. (7).
These ranges in the photospheric luminosity can be un-
derstood since for too high luminosity He is fully ionized
and lines are not produced.

We also checked the possible impact of NLTE effects
for H. None of the tested baseline configurations includ-
ing NLTE effects in TARDIS as in ? produce noticeable
H lines at optical wavelengths. For the baseline lumi-
nosity, at 0.3 days 107> My, of H (thus, ten times more
than predicted by our models) are necessary to produce
weak Lyman lines below 1000A. Balmer lines are visi-
ble only for an even (and probably implausible) larger
amount of H, > 1072 M, with first hints at ~ 1074 M.
The temperatures are initially so high that there is very
little neutral hydrogen. A smaller luminosity mitigates
this effect, but the H mass required to produce visible
Balmer lines is still around 107° M.

4. DISCUSSION

? estimated between 1 and 5 x107° M, of Sr to ex-
plain the observed spectral feature attributable to the
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Figure 7. Synthetic TARDIS spectra including NLTE effects for a kilonova observed along the equatorial direction, for different
luminosities and with an atmosphere enriched in He. The left (right) panel refers to the spectrum at 2 (3) days after merger.
The dashed lines correspond to our baseline models, the solid lines to models for which the luminosity is such that NLTE effects
appear as a He I \ 10831 line. The gray lines correspond to the spectra of AT2017gfo at 2.5 days (left) and 3.5 days (right)

after the removal of the telluric lines (?).

Sr II line in the early spectrum of AT2017gfo. As dis-
cussed in great detail in that work, this estimate must
be taken with care due to a few simplifications contained
inside the underlying kilonova model (for example, the
usage of a spherically symmetric model, or of a single
photosphere or the lack of possible NLTE effects). How-
ever, keeping in mind these important caveats, we can
compare our finding with their inferred mass. On the
one hand, the amount of Sr produced in the dynamical
ejecta of our equal mass models is compatible with the
inferred one, even when anisotropic production is taken
into account and all Sr is assumed to be transparent
within a few days. Indeed, since AT2017gfo was most
probably observed from high latitudes (15° < 6 < 30°)
and Sr is mainly produced at those latitudes in the
dynamical ejecta, an equivalent spherically symmetric
model would require about twice as much total dynam-
ical ejecta (fs, ~ 2 for 6 ~ 20°, as visible for example
in the top-left panel of Fig. (2)). On the other hand, in
the case of very unequal mass models, Sr is produced in
a more isotropic way. The required Sr mass is however
significantly larger than the one obtained in the dynam-
ical ejecta of our corresponding simulations. In addition
to the dynamical ejecta, for models that do not form
quickly a BH, the spiral wave wind is an efficient mecha-
nism to unbind matter from the disk (??). For example,

assuming an emission rate of 0.15M¢ s™!, a timescale of
Atying ~ 0.13s would be required to unbind ~ 0.02Mg
(this is the amount usually required by kilonova mod-
els to explain the blue component of AT2017gfo, see
e.g. 777777). Based on the total Sr mass fraction ob-
tained in our models, these ejecta would translate to
4 — 8 x 107*My, of additional Sr. However, the pro-
duction of Sr is very asymmetric in this wind and, in
particular, for a high latitude viewing angle (6 ~ 20°),
the amount of Sr of an equivalent spherically symmetric
model should be about 20% of the its actual amount,
meaning 8 — 16 x 1072 M, of additional Sr in the spiral
wave wind ejecta, as visible in the bottom-right panel
of Fig. (2). This amount is still larger than the inferred
one, but only by a factor of a few. While the many
uncertainties in the spectrum calculation and the as-
sumption that all Sr was above the relevant photosphere
at the time of interest for the spectrum can possibly
weaken this discrepancy, our results may suggest that
the timescale over which a spiral wave wind could have
been active in GW170817 remnant should be not signif-
icantly larger than 100ms, otherwise the corresponding
ejecta would imply a much larger amount of Sr than the
one reported by 7.
In Fig. (7), we also report the 2.5 and 3.5 days spec-
tra of AT2017gfo (?) showing a broad absorption at
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810 nm that was explained by a blue-shifted transition
of Sr IT (?). Interestingly, based on the velocity profile
only, this feature could be consistent also with the He
10831 line in the ejecta expanding at 0.25¢. However, the
lower luminosities (with respect to the one deduced by
AT2017gfo spectra assuming a distance of dj, = 40 Mpc)
required to observe significant NLTE effects seem to dis-
favor the interpretation of this feature as caused by He
rather than Sr. More luminous kilonovae, more compat-
ible with AT2017gfo and closer to our baseline model,
require He masses significantly larger than our baseline
value (2 10) to produce similar effects. This discrepancy
is possibly mitigated by the anisotropy in the ejection of
He at polar latitudes, see Fig. (2), but only by a factor
of ~ 2, if we consider 6 ~ 20°.

In addition to producing H, the decay of free neu-
trons at the forefront of the dynamical ejecta can power
an electromagnetic precursor of the kilonova (7). How-
ever, the amount of free neutrons available to decay and
to power such a precursor (which can be identified with
the amount of H in the dynamical ejecta, see Table 1)
is between one and two orders of magnitudes smaller
than the one used by ? and obtained by ?. We stress
that neutrino effects were not considered in those simula-
tions, while their impact on the amount of free neutrons
is crucial, as visible in our results and as also discussed
by ? and ?7. Indeed, our results agree within a factor of
a few with those reported in these latter papers. Since
the precursor luminosity is expected to be proportional
to the free neutron mass, the predicted magnitude in
the UV bands is likely to be more than 3.5 magnitudes
smaller than the one suggested in ? even within the first
hour after merger (where the peak is expected to occur,
as suggested by ?) . For those conditions, it is unclear if
this contribution will be visible or if it will be dominated
by the rising kilonova emission.

Dynamical and spiral-wave wind ejecta from BNS
mergers are not the only environment where H and He
can be synthesized in association with r-process ele-
ments. In the case of BH-NS mergers, dynamical ejecta
conditions are very similar to the ones observed in very
unequal BNS mergers, with possibly larger average ex-
pansion velocities (e.g. ??7??). Thus, in this case we
expect a significant He production in association with
heavy r-process nucleosynthesis, as visible in some of
the nucleosynthesis results of the above works. Since
H is significantly produced in the high speed tail of
the dynamical ejecta and these ejecta are mainly pro-
duced in shock heated conditions, H is expected to be
even less abundant in BH-NS mergers. Both in the
case of BNS and BH-NS mergers, neutrinos, viscosity
and magnetic processes can drive matter ejection on the

viscous timescale expanding at significantly smaller ve-
locity than the dynamical ejecta, vy < 0.1c (see e.g.
??2727?2727?7). The possible presence of He in these
ejecta and their potential spectroscopical relevance was
already anticipated by 7, based on analytical estimates
(7). Detailed numerical simulations (see e.g. 7?7?) show
the possible presence of a significant high-entropy tail
in the ejecta distribution, especially close to the polar
axis, where the production of He in a-rich freeze-out
conditions occurs. This tail is particular prominent in
the case of GRMHD simulations (?). For BNS merg-
ers, if the central massive NS survives on a timescale
comparable to or larger than the viscous timescale, v-
irradiation can increase Y, even above 0.45, producing
efficiently He in a-rich freeze-out conditions. Thus, also
these ejecta can host significant He production (7). We
stress, however, that these slower ejecta is expected to
become transparent at later times, when the presence
of heavy elements and stratified ejecta can substantially
increase the spectrum complexity.

5. CONCLUSIONS

In this paper, we have analyzed the production of very
light elements (between H and K) in the early ejecta ex-
pelled by binary neutron star mergers, and we have in-
vestigated their detectability in kilonova spectra. In par-
ticular we have focused on the nucleosynthesis occurring
in the dynamical and spiral wave wind ejecta obtained
by detailed numerical relativity simulations targeted to
the GW170817 event, and we have explored their de-
pendence on the mass ratio and nuclear EOS.

We found that H and He can be robustly synthesized
in the dynamical ejecta, with a mass fraction ranging
between 1072 and 1072, while their production is negli-
gible in spiral wave wind ejecta. The total amount of H
ranges between ~ 0.5 and 2 x 10~°M, while the one of
He between ~ 2 and 10 x 107%M. Hydrogen is mostly
produced in the high speed tail of the dynamical ejecta
(see e.g. ?7?7) while the production of He can happen
both in high-entropy, high-Y. and in low-entropy, low-Y,
conditions. In the latter case, the presence of He is asso-
ciated with the production of heavy r-process elements
and its amount can increase by a factor of ~2 during the
kilonova timescale, due to o decays. With the exception
of the He produced by a decay of very heavy elements,
neutron decay is the driving nuclear process behind the
nucleosynthesis of both these elements. Indeed, in ad-
dition to producing H from unburned free neutrons on
timescales comparable to the free neutron lifetime, the
early (i.e. within the first second) decay of free neutrons
in very neutron rich environments produces deuterium
and tritium that immediately fuse to produce He.
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Based on the masses and on the ejecta properties com-
puted in our model, we produced synthetic spectra with
TARDIS to test whether dynamical ejecta enriched in H
or He can leave an observational signature in the ob-
served kilonova spectrum. Our analysis suggests that no
effects are visible if LTE conditions are assumed. NLTE
effects are required to produce a significant He I A 10831
spectral feature at t = 2 days after merger, while they do
not produce any clear H feature for our fiducial config-
urations. Then, we further explored the luminosity and
mass parameter spaces to define admissible ranges allow-
ing for the He I X 10831 spectral feature in the spectrum.
Considering the baseline luminosity, a He mass at least
one order of magnitude larger than our fiducial value is
required to produce a significant feature. However, a
lower He mass, comparable to our reference value, could
be sufficient to produce an observable feature between 2
and 3 days if the kilonova is fainter than our reference
value by one order of magnitude and a factor of a few
(0.27 — 1.5 x 10*! erg s~1). Significant H features (e.g.
Balmer lines) require two or three orders of magnitude
more H mass than predicted.

The production of elements between Li and K is neg-
ligible in all relevant kinds of ejecta. This very robust
feature is due to the presence of Z = N = 20 magic
nuclear numbers, which prevents seeds nuclei formed in
the iron group region to reach elements below calcium.
Due to their low abundances, their observational impact
in the early spectrum is also negligible.

Besides these very light elements, we investigated
the production of strontium in our models, a light -
process element (whose cosmological production is how-
ever dominated by the s-process, see e.g. 7), which has
been possibly identified in the spectrum of AT2017gfo
(?). In agreement with previous findings (see e.g. 777),
we found that Sr is produced both in the dynamical and
spiral wave wind ejecta. In the former case, Sr produc-
tion happens in the high-Y,, high-latitude ejecta, and its
amount ranges between 1 and 5 x107°Mg, (including
our estimates of the uncertainties of numerical origin).
In the latter case, a significant amount of Sr is synthe-
sized at all angles due to the relatively large Y., with a
possible exception of the region very close to the equa-
tor. Sr production is very efficient and its typical mass
fractions (integrated over the whole spiral wave wind
ejecta) are between 1.5 and 4.5%. The amount of Sr in
the dynamical ejecta is comparable to the one required
to explain the spectral features in AT2017gfo. Since the
spiral-wave wind can efficiently produce even more Sr,
our results suggest that the central object in GW170817
should have collapsed within ~ 100 ms.

Since H and He are often observed in EM transients,
our results could be relevant to organize and prioritize
future observational campaigns for EM counterparts of
GW events during the first days, when dynamical ejecta
become transparent and kilonova spectra are still close
to black body. We remark that in this work we have
limited our analysis to very light elements, up to potas-
sium. However, it has been recently shown that cal-
cium, for example, could provide a visible signature in
kilonova spectra (?). An extension of this study to el-
ements heavier than potassium will be the subject of a
future work. Our results are robustly grounded on state
of the art, first-principle simulations of BNS mergers
and nucleosynthesis calculations. We have shown that
the usage of a finite-temperature, composition depen-
dent nuclear EOS is key to predict the correct amount
of ejecta and its angular distribution. Moreover, the
inclusion of weak interactions and neutrino irradiation
are essential to correctly model the relative amount of
neutrons and protons and, ultimately, to predict de-
tailed nucleosynthesis yields to be compared with ob-
servations. Nevertheless, several limitations and weak-
nesses still affect our results. Our partial knowledge of
the nuclear EOS and the still large uncertainties in the
modeling of neutrino radiation, in addition to the lack
of a robust numerical convergence of the ejecta prop-
erties, represent the largest limitation to our capability
of predicting with accuracy the properties of the ejecta
emerging from a BNS merger. Additionally, our limited
knowledge of the relevant atomic opacities and the many
uncertainties and approximations still present in the ra-
diative transfer behind kilonova predictions still limit
our predictive capacity. Our work underlined also the
possible relevance of NLTE effects in shaping kilonova
spectra. However, our approach mostly relied on super-
nova modeling, while NLTE effects in kilonovae have not
been studied in details. A strong effort in linking models
to observations will be required to fill all these gaps in
the years to come.
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