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Hierarchical Triples as Early Sources of r-process Elements
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Neutron star mergers have been proposed as the main source of heavy r-process nucleosynthesis
in the Universe. However, the mergers’ significant expected delay after binary formation is in
tension with observed very early r-process enrichment, e.g., in the dwarf galaxy Reticulum II.
The LIGO and Virgo gravitational-wave observatories discovered two binary mergers with lighter
companion masses (~ 2.6 M) similar to the total mass of many binary neutron star systems in
the Galaxy. The progenitor of such mergers could be a neutron star binary orbiting a black hole.
Here we show that a significant fraction of neutron star binaries in hierarchical triples merge rapidly
(2 3% within < 10 Myr after neutron star formation) and could explain the observed very early
r-process enrichment. The neutron star binary can become eccentric via von Zeipel-Kozai-Lidov
oscillations, promoting a fast coalescence followed later by a merger of the low-mass black hole
with the higher-mass black hole in the system. We show that this scenario is also consistent with
an overall binary neutron star merger rate density of ~ 100Gpc 3yr~! in such triples. Using
hydrodynamic simulations we show that highly eccentric neutron star mergers dynamically eject
several times more mass than standard mergers, with exceptionally bright kilonovae with an “early

blue bump” as unique observational signatures.

I. INTRODUCTION

Based on observations in the Galaxy, there may be a
dearth of compact objects in the so-called lower mass
gap of around 2.2 — 5 My ([1H3], but see [4] for some
contrary evidence). Yet, the LIGO [5] and Virgo [6] ob-
servatories have discovered two such objects out of ~ 100
compact binary coalescences [7]. In the gravitational
wave event GW190814 [§] a compact object with mass
my = 2.5970 55 Mg, merged with a black hole of mass

my = 23.2%710Mg, while in the event GW200210.092254

[7] the merging masses were my = 2.837047Mg and

my = 24.1772Mg. The lower mass objects are likely
black holes, albeit the possibility of them being neutron
stars cannot be firmly excluded [9, 10].

If isolated or binary evolution would normally not pro-
duce a lower mass gap (see [II] for other evolutionary
possibilities), then a compact object can still reach a
mass within the gap by two means. First, a neutron star,
formed with mass < 2.2 Mg, grows through gas accretion
from its environment. This can occur in a low-mass X-ray
binary or due to bound supernova ejecta [12]. Another
possibility is accretion from an Active Galactic Nucleus
(AGN) disk, after which the compact object could later
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merge with a black hole that is also in the disk [13]. Sec-
ond, a neutron star can merge with an object such as
another neutron star. This can occur, followed by a sec-
ondary merger with a black hole, through assembly in
a dense stellar cluster [I4], in AGN disks [I3], and in
isolated stellar triples [15] and quadruples [14].

The accretion and merger scenarios result in different
mass distributions within the mass gap. Notably, based
on the narrow mass distribution of known Galactic binary
neutron star systems [I6HI9] (= 2.65 + 0.12, [19]), we
can expect neutron star merger remnants to have masses
around ~ 2.6 Mg, similar to the observed objects [I5].
Accretion, on the other hand, is likely to result in a more
spread out mass distribution within the gap.

Vkick
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black hole

FIG. 1. Illustration of the evolution of a hierarchical
triple. First, the most massive star on the outer orbit forms a
black hole. Second, one of the less massive stars in the inner
binary forms a neutron star. Finally, the third star, in the
inner binary, forms a neutron star. The natal kick velocity
Vkick the neutron star receives in this last step has the most
significant impact on the triple’s orbital evolution.
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Here we focus on the isolated stellar triple scenario,
motivated by the masses of the objects observed in the
mass gap that suggests a binary neutron star merger ori-
gin, and the difficulty of alternative scenarios accounting
for the apparent rate of the secondary merger with a
black hole (e.g., [I5]).

We first present our prescription for the evolution of
the triple system (Section , followed by our results on
the rapid merger of the inner binary neutron star system
(Section and the rate of secondary mergers (Section
. We then focus on eccentric neutron star mergers that
could by produced by triple systems, in particular the
observational consequences of their unique mass ejection
(Section . We conclude in Section

II. EVOLUTION MODEL OF THE TRIPLE
SYSTEM

The triple system initially contains three stars (see Fig.
1)), with two lighter stars forming the inner orbit with
semi-major axis a1, and with a more massive star on an
outer orbit with semi-major axis as. We assume that the
initial orbits are coplanar and circular. The more massive
star evolves the most rapidly, eventually leaving behind
a black hole with mass mgy. During formation, this black
hole can receive a small kick velocity that makes the outer
orbit somewhat eccentric. We neglected this initial kick
for simplicity, noting that its expected small amplitude
probably has limited effect, and its effect probably only
enhances the merger rate we discuss below. In addition,
the outer orbit can circularize due to tidal effects in the
still remaining stellar binary.

Subsequently, the two less massive stars undergo su-
pernova explosions and leave behind two neutron stars.
The neutron stars receive natal kicks at birth (e.g., [15]).
Here the kick of the first neutron star plays a much
smaller role in the final evolution of the triple system
as it occurs when its companion in the inner binary is
still a star with an order of magnitude more mass than
a neutron star. We therefore only consider the effect of
the second neutron star’s natal kick, vk, on the triple
system’s evolution. We assumed that this natal kick’s
direction is isotropically distributed [20].

The speed distribution of natal kicks is not well known,
and both high velocities of a few hundred kms~! [21], 22]
low velocities of a few tens of kms™! occur [23].

The natal kick of the second neutron star will result
in both inner and outer orbits becoming eccentric with
eccentricities e; and e, respectively, while the inner orbit
will have nonzero inclination ¢ compared to the outer
orbit.

III. RAPID NEUTRON STAR MERGERS

In hierarchical triple systems, the inner orbit can be-
come highly eccentric due to von Zeipel-Kozai-Lidov

(ZKL) oscillations [24H26]. This leads to rapid merger
compared to the merger timescale for a circular or low-
eccentricity binary, which could account for r-process nu-
cleosynthesis found in the early Universe [27]. In our
model ZKL oscillations do not affect the initial triple
systems since we assume that the initial orbits are co-
planar.

Without any eccentricity, a binary neutron star with a
semi-major axis of 0.1 au merges in ~ 6 x 102yr. The
merger times of orbits whose eccentricities periodically
change via ZKL oscillations are shortened by a factor
(1 — €2,.)® for high enay, which is the maximum ec-
centricity reached during oscillations [28]. We simulated
ZKL oscillations to quadrupolar order [29] (the octupo-
lar term is zero in our case due to the equal mass binary
system). General-relativistic corrections to the eccentric-
ity evolution will not be significant in our case as they
will only affect a negligibly small fraction of the high-
est eccentricity systems [30]. We included the effect of
gravitational-wave emission in the evolution [31].

As a fiducial model we adopted an initial inner orbit
semi-major axis a; = 0.1 au and initial outer orbit semi-
major axis of as = 1 au. We carried out Monte Carlo sim-
ulations of the binary evolution. In each realization we
randomly selected the direction of vy from an isotropic
distribution, the phase of the binary neutron star system
compared to the outer binary within the same plane from
a uniform distribution, and the magnitude of vy from
a uniform distribution between 0 — 400 kms~!. For this
test, for simplicity, we also assumed that e; = 0. We
then carried out simulations to determine ey,ax.

We found that ~ 3% of neutron star mergers occur
within 107 yr following the formation of the second neu-
tron star. This fraction can be even higher for some
parameter choices. For example, the fraction is ~ 10% if
we assume a single velocity of vijce = 200 kms™1.

IV. RATE OF SECONDARY MERGERS

We used our triple evolution model to evaluate the rel-
ative rate of the primary neutron star mergers in triples
to the rate of secondary mergers of a black hole with the
remnant of the neutron star mergers. We carried out a
Monte Carlo simulation with the same setup as discussed
in the previous Section.

In a given realization, we counted the inner binary
as merged if two neutron stars remained gravitationally
bound after the natal kick, and if they merged within
tmax = 1010 yr after formation. The merger time was de-
termined by accounting for gravitational wave emission,
and, if the binary remained gravitationally bound to the
outer black hole after the natal kick, for ZKL oscilla-
tions. For the latter case, we only considered realizations
in which the inner binary remained bound to the black
hole if a; < ag/3 after the natal kick, as for closer sepa-
rations the triple system becomes chaotic.

We counted a realization to undergo secondary merg-



al [au} az [au] Vkick,min [km/S] Vkick,max [km/S] f [%]
3

0.1 1 0 400

0.1 3 0 400 1.5
0.1 10 0 400 0.3
0.2 1 0 400 0.1
0.1 1 300 300 40

TABLE I. Ratio f of black hole-mass gap mergers and
neutron star mergers for different initial triple system pa-
rameters. Kick velocity probability density is isotropic and
uniform within [Vkick,min, Ukick,max]-

ers if both the binary neutron star system and the outer
binary remained gravitationally bound, and if both inner
and outer binaries merged within #,,,, = 10'° yr after for-
mation. For the outer binary’s evolution we accounted
for gravitational wave emission only. Since the outer bi-
nary’s angular momentum is much greater than that of
the inner binary, ZKL effects on the outer binary are
negligible.

For our fiducial model with a; = 0.1au and a; = 1 au
prior to the natal kick, and with vy taken from a uni-
form distribution within 0—400 km s~!, we found that the
rate of black hole-mass gap mergers is f = 3% of that
of neutron star mergers in triple systems. This means
that approximately 30 times more neutron star mergers
are expected from triple systems than the observed rate
density of ~ 10Gpc~2yr~! of secondary mergers. The
implied rate ~ 300 Gpc™2 yr~! of all double neutron star
mergers, if this is the only pathway, is comparable to the
total reconstructed rate density 105.5733%> Gpe™2yr~! of
neutron star mergers [32]. In this scenario, about 0.1%
of triple systems will produce black hole-mass gap merg-
ers within 100 yr. To characterize the parameter depen-
dence of this result, we show f for select initial parame-
ters in Table[ll

While the initial triple parameters are uncertain, our
results show that a significant fraction, or even majority,
of all neutron star mergers may occur in triple systems.

V. MASS EJECTION IN HIGHLY ECCENTRIC
NEUTRON STAR MERGERS

The eccentricity distribution of binary neutron stars
due to ZKL oscillations can extend to high eccentricities.
In comparable scenarios, ~ 10% of the binaries were es-
timated to merge in close to head-on collisions [33], [34].

To investigate the multi-messenger observational con-
sequences of such high-eccentricity collisions, we ana-
lyzed a set of numerical simulations presented in [35] to
which we refer to for more technical details. The im-
pact strength was defined as § = (R1 + R2)/rp, where
the R; denote the stellar radii and 7, is the pericenter
distance. These simulations focused on a quasi-circular
merger with a 1.3 and a 1.4 Mg neutron star and con-
trasted it with a ”grazing” (8 = 1) and a close-to-central
(8 = 5) collision of two neutron stars of the same masses.

As an example, Fig. [2] shows a volume rendering of the
B =5 collision.

The simulations included a tabulated nuclear equation
of state [36] and a multi-flavour neutrino leakage scheme
[37], but they were not fully general relativistic. There-
fore, we expect the corresponding collisions in nature to
be even more violent, and in particular to produce higher
temperatures, higher electron fractions Y, and therefore
more lower opacity ejecta [38H40]. The neutrino leakage
scheme adopted in the simulations allows for an increase
of Y, via positron captures, et +n — p + ., but it does
not account for neutrino absorption. For these reasons
we consider the Y, obtained in these simulations as ro-
bust lower limits and therefore nature’s electromagnetic
transients from non-circular encounters are expected to
have an even brighter early blue emission component
than what we show here.

In order of increasing collision violence (merger — 8 =
1 — 8 =5), we found that the Y.-distribution is system-
atically shifted towards larger values, and, for the reasons
discussed above, we consider this trend as very robust
and even stronger in nature (see Table . When ana-
lyzing the dynamic ejecta, we split them into two groups
according to whether they are below (“low-Y.”) or above
(“high-Y, component”) the critical electron fraction value
Yt = (.25 [41H43], where the composition (and there-
fore the resulting opacity) changes abruptly.

Secular ejecta from accretion disks are expected to
dominate the total ejecta mass and the simulations by
[35] show that the accretion disk masses are comparable
for the different considered encounters (see Tab. . We
did not separately simulate the secular ejection process,
but instead assumed that 35% of the accretion disk mass
will be ejected [44H49] and will expand at 0.1c. Since
the secular ejecta’s electron fraction is currently an un-
settled question, we explored the cases where they are
above (0.3) and below (0.2) the critical electron fraction
value Y. The obtained ejecta properties are given in
Tab. [l The dynamical ejecta of the collisions exceed
those of the circular mergers by factors of a few, while
the disk masses/secular ejecta are of the same order.

Based on the properties of these three ejecta compo-
nents, we computed the kilonova light curves with a semi-
analytic eigenmode expansion model [43, (0] which is
based on [51]. Compared to [35], here we selected the av-
erage opacity according to the electron fraction following
[39] (their Table 1), we used nuclear heating rates from
the nuclear network calculations of [40] and we applied a
thermal efficiency that is based on [52] with parameters
suggested in [53]. We show the obtained light curves in
Fig.[3l We see that, in order of collision violence (merger
— B =1— f =25) the light curves become brighter and
show a more pronounced ”early blue bump”.
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FIG. 2. Volume rendering of a close to head-on (5 = 5) neutron star collision. The neutron stars had masses of
1.3 and 1.4 Mg. Time (see legend) is measured from the simulation start (initial separation 100 km). Color indicates matter

density.

encounter

dynamic, low-Y,
m, (Voo), (Ye)

dynamic, high-Y.
m, <”00>7 <Yf’>

secular
m, (Veo), (Ye)

merger

0.0138, 0.117, 0.047

1.42E-4, 0.20, 0.275

0.088, 0.1, 0.2 & 0.3

collision 5 =1

0.0580, 0.125, 0.049

1.92E-3, 0.237, 0.303

0.095, 0.1, 0.2 & 0.3

collision =5

0.0198, 0.25, 0.18

0.0102, 0.33, 0.32

0.112, 0.1, 0.2 & 0.3

TABLE II. Masses of the different ejecta components. All encounters are between a 1.3 and a 1.4 Mgneutron star.

VI. CONCLUSION

We found that the gravitational wave events
GW190814 and GW200210.092254 suggest the possibil-
ity of a high fraction of neutron star mergers that occur
in hierarchical triples. A significant fraction (few %) of
these mergers could be highly eccentric and merge rapidly
after neutron star formation, within < 10 Myr.

Neutron star mergers are the only observed source with
r-process production [54], with a measured yield consis-
tent with these mergers being the dominant r-process
source in the Universe. However, neutron star mergers
are expected to be delayed compared to binary forma-
tion as binary separation is typically reduced only via
gravitational waves [55]. This delay is in tension with
early r-process enrichment, observed in the dwarf galaxy
Reticulum IT [56] and in early stars in the Galaxy [57} 58],
leading to suggestions that collapsars, which can occur
shortly after star formation, may be important r-process
sources [59].

Our results reconcile the observed early r-process en-
richment with neutron star mergers as the main source
of heavy elements by showing that a sizable fraction of
mergers occur rapidly, effectively tracking star formation.

An observational prediction of the hierarchical triple
scenario examined here is a significant rate density (~
10 Gpe=3yr—1) of highly eccentric neutron star mergers
that could be detectable with gravitational waves. These
mergers also result in higher dynamical ejecta masses

and higher Y, than quasi-circular mergers, producing pro-
nounced “early blue bumps” during the first days of the
resulting kilonova light curve, which could be identifiable
via optical follow-up observations.
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