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Formation of compact hierarchical triples
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Abstract. Compact hierarchical triples (CHTSs) are triple stars where the ter-
tiary is in an orbit of period less than 1000 d. They were thought to be rare
but we are discovering more of these systems recently, thanks to space-based
missions like TESS, Kepler, and GAIA. In this work, we use orbital parameters
obtained from these missions to constrain the formation process of CHTs. We
also use spectroscopic and systemic parameters from our work, and the liter-
ature to understand the effects of metallicity and dynamics on the formation
processes.
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1. Introduction

Around 8% of all Solar-type stars exist in triple systems (Raghavan et al., 2010).
This percentage increases are we go towards high-mass stars. This has increased
interest in the detection, evolution, and formation of triple stars. New obser-
vations from space observatories have led to an exponential increase in the
detection of these systems. This also led to the discovery of a new class of these
triples, called compact hierarchical triples (CHTSs; see Borkovits 2022 for a re-
view). CHTSs are triple stars where the tertiary star is in an orbit of period less
than 1000 d. This roughly corresponds to an orbit size of less than 5 AU. This
compactness can cause dynamical changes which can be monitored over a few
years. Therefore, the effect of dynamics in the evolution of these systems can be
constrained (Borkovits et al., 2022).

The sizes of CHTs are on the scales of planetary systems. Therefore, they
are interesting sites for studying star formation. The current idea of triple star
formation is that they form through the process of sequential disk-instability
(DI4+DI), where the tertiary is formed from disk instabilities in the circumbi-
nary disk around the inner binary (Tokovinin, 2017). This was based on the
observations of orbit alignment in triple stars. However, the analysis was done
on triples whose semi-major axes were over 10 AU. In this work, we use estimates
of orbital parameters of the present sample of CHTs to study the signatures of
processes that are involved in the formation and evolution of CHTs.
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2. Measurement of CHT parameters

Detecting stellar companions using eclipsing binaries (EBs) also allows us to
measure the basic properties of the companion. While in some cases, we can only
extract the idea about its orbit and lower mass limits, in some cases we can get
all the stellar parameters of the tertiary. While accurate parameters of CHTs
can be extracted using triply eclipsing systems, tripled-lined EBs and eclipse
depth varying systems, it is extensive in process and therefore limited to a small
sample (Moharana et al., 2024). The first large sample of CHT's was reported by
Borkovits et al. (2016), where the authors used eclipse timing variations (ETVs)
from Kepler EBs! to characterise the orbits of 222 triple systems. Out of 222 of
these triples, 110 are CHTs. However, only 45 CHTs have robust solutions with
observations which cover more than two times the outer orbital period. Follow-
ing the same methodology, Hajdu et al. (2019) gave us 258 CHTs in the Galactic
Bulge, using EBs from OGLE (Soszyniski et al., 2016) from which we selected
177 CHTs with robust solutions. The parameters that these studies estimated
are the EB orbital period (P;), tertiary orbital period (Ps), projection of the
outer semi-major axis (ag siniy), tertiary orbital eccentricity (ez), argument of
periastron of the tertiary orbit (ws), and the tertiary mass function (f(ms)).
Czavalinga et al. (2023) used a different methodology to estimate around 376
CHTs. The Gaia collaboration released a catalogue of DR3 non-single-star or-
bital solutions (GATA-NSS; Gaia Collaboration et al. 2023). Czavalinga et al.
(2023) crossmatched the targets with EB catalogues from different sky surveys.
They found that some systems have periods substantially longer than the EB
orbital periods. The GATA-NSS in most of these cases are likely to belong to
outer orbits of tertiary stars in those systems. The parameters resulting from
this survey were P;, P5, assinis, es, and ws. The Py and P, distribution of the
sample is presented in Fig.1.

3. Calculation of mass ratios

To get an estimate of the mass ratio, we need to connect the orbital parameters
with masses using the tertiary mass function derived from Kepler’s law,
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f(ms) = (1—e3)*? (1)

where my;y, is the total binary mass, and K is the semi-amplitude of RV signal
or ETV signal. Eq.1 can be transformed into a cubic equation of g3 = m¢c/mpin
as the variable with the coefficients being functions of f and my;,. For the
ETV surveys, we have estimates of f. Therefore in such a case, it is easy to
numerically solve the following cubic equation, assuming a my;, and sini = 1

Thttps://keplerebs.villanova.edu/
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Figure 1. Distribution of orbital periods for the sample of CHTs used in this work.
The grey lines mark the stability limits. The horizontal line on the left part of the
plot represents the period limit for contact binaries while the slanted line on the right
represents the limit for dynamical stability.

for simplicity?,
Muings — fg3 —2fq2 — f =0 (2)

Solving this equation for parameters estimated from Czavalinga et al. (2023)
is not straightforward as f is not available. The only unknown in the expression
for f is K. For our approximation, we set

KZQWGQ/PQ (3)

where ay is available from GAIA-NSS solutions. From Eq.1 and taking es = 0
for a simpler calculation, we get,
4m%a3

3 (4)
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We then estimate “ad-hoc” ¢ distribution from all the surveys, assuming
Mmpin = 2Mg. This assumption is based on the approximate idea that most of
the known my,;, for the sample is spread around 2 M. The distribution was
created by dividing the ¢o distribution into bins of size of 0.05. We also created
an eccentricity distribution with a bin size of 0.03.

2From the current statistics of CHT inclinations (most systems are near co-planar), this
approximation gives us a good estimate of the actual mass.
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4. Discussion and conclusions

We obtain distributions of eccentricity and tertiary mass ratios of all the CHTs
from the large sample surveys, GAIA-NSS, OGLE, and Kepler. we also esti-
mate the individual distributions of each of the surveys. The similarities and
dissimilarities of the distributions are discussed in the successive sections.

4.1. Eccentricity distribution of the tertiary orbit

The eccentricity distribution has a specific shape which shows cumulative prob-
abilities of ey larger than that expected from a flat distribution (Fig.2). This is
consistent with what was reported in Czavalinga et al. (2023) and was also ob-
served in the eccentricity distribution of close binaries (Raghavan et al., 2010).
But if we look at the e distribution closely, we see a small variation of trends
between the different surveys. Kepler and OGLE distributions tend to go sub-
flat at eccentricities 0.1-0.25. Such a trend was observed for metal-poor CHTs
in Moharana et al. (2024). Therefore this points at the Kepler sample being
metal-poor. But OGLE also has a distribution similar to GAIA at eccentrici-
ties around 0.45-0.55. This could be a sign that OGLE has CHTs with distinct
metallicities and not a homogenous metallicity distribution like GAIA.
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Figure 2. Cumulative probability distribution of es for the sample of CHTs. The sub-
-samples of GATA-NSS, OGLE, and Kepler are represented by grey-solid, grey-dashed,
and black-solid lines respectively. The slanted grey line represents the expected trend
for a flat distribution.
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4.2. Bi-modality in mass ratio distribution

One of the expected outcomes of the DI+DI scenario of star formation is that
it produces “twins”, meaning that the mass ratio of the outer hierarchy to the
inner hierarchy is 1. While deviations from 1 are expected, in our distribution
we see bimodality, with two peaks at g2 values smaller than 1 (Fig.3). This bi-
modality could be due to bias in observation methodology as GAIA favours large
g2 and OGLE favours small go. But this bi-modality was seen in Moharana et al.
(2024) where we found that young CHTSs have ¢y closer to 1 while old CHTs
have low ¢o. This hints that the two peaks in our distribution could be due to
two populations of different ages. The lower peak between 0.2 and 0.35 is mostly
due to the OGLE sample. Therefore, the OGLE sample, which consists of CHTs
in the Galactic Bulge, are old CHTs with their age in the order of giga-years.
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Figure 3. Distribution of g2 for the large sample of CHTs (shaded histogram). The
sub-samples of GAIA-NSS, OGLE, and Kepler are represented by grey-solid, grey—
dashed, and black-solid lines respectively.

4.3. Dynamical processes and time evolution of distributions

The distributions of e; and g2 are consistent with the DI4+DI formation scenario
but there is also a need to account for the additional dynamical processes that
exist in CHTs. The shift in g2 needs strong mechanisms for mass loss which
cannot be explained by stellar evolution only. Moharana et al. (2024) proposed
mass-loss by tidal dissipation which would also explain the abundance of planar
CHTs. But there is also a possibility that the different ¢, are a result of dynam-
ical interactions with the circumbinary accretion disk (CBAD) or complicated
fragmentation and accretion in the CBAD (Borkovits et al., 2022). However, we
lack a large sample of robust mutual inclination and age estimates to test these
scenarios.
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This deficiency will surely be improved with the upcoming large-scale mis-
sions that will study multiple stars. Further, our calculations are approximate
and do not precisely estimate the ¢go. This calls for detailed analyses of more
CHTs and a better study of parameter distribution.
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