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Abstract
Helium white dwarfs (WDs) with masses below 0.3 M� are referred to as ex-
tremely low-mass white dwarfs (ELM WDs), which, in theory, cannot be pro-
duced through single-star evolution. It is generally believed that these objects
form via binary interactions. Recently, two ELM WDs in unusually wide orbits,
KIC 8145411 and HE 0430-2457, have been reported. Their orbital separations
are too large to be explained by standard binary evolution scenarios.

In this study, we investigate the formation of wide-orbit ELM WD binaries
originating from hierarchical triple systems. In this scenario, an ELM WD is
first formed in the inner binary and subsequently ends up in a wide binary
system with the tertiary companion. We find that the merger of an evolved
star with a brown dwarf in the inner binary cannot produce single ELM WDs,
whereas Type Ia supernova (SN Ia) explosions can successfully do so. Moreover,
we examine the effect of the supernova explosion on the orbital distribution
of the surviving binary and find that this channel may reproduce the orbital
parameters of HE 0430-2457, but fails to account for the observed properties of
KIC 8145411. This result is consistent with recent observational recalibrations
suggesting that KIC 8145411 resides in a triple system rather than a binary.
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Abstract
Helium white dwarfs (WDs) with masses less than 0.3 𝑀⊙ are known as ex-
tremely low-mass WDs (ELM WDs), which cannot be produced by single stellar
evolution in theory. Generally, these stars are believed to form through binary
interactions. Recently, two ELM WDs in unusually wide orbits were reported,
i.e., KIC 8145411 and HE 0430-2457. Their orbital separations are too wide
to be produced by the binary evolution scenario. In this work, we study the
formation of wide-orbit ELM WD binaries from hierarchical triple systems. In
this scenario, an ELM WD is formed from the inner binary and subsequently
forms a wide binary system with the third object. We find that the merger of
an evolved star with a brown dwarf in the inner binary fails to produce single
ELM WDs, but Type Ia supernovae (SNe Ia) explosions can successfully do
so. Furthermore, we investigate the impact of the supernova explosion on the
orbital distribution of the surviving binary and find that this channel may have
a probability of reproducing the orbital parameters of HE 0430-2457, but fails
to reproduce the observed features of KIC 8145411. This supports recent obser-
vational recalibrations suggesting that KIC 8145411 resides in a triple system
rather than a binary.

Key words: (stars:) binaries (including multiple): close –stars: evolution –
(stars:) white dwarfs

1. Introduction
Helium white dwarfs (WDs) with masses less than $�$0.30 𝑀⊙ are known
as extremely low-mass WDs (ELM WDs), which have been largely found
in the ELM Survey \citep{Brown_{2010}, Brown_{2012}, Brown_{2013},
Brown_{2016}, Brown_{2020}, Brown_{2022}, Kilic_{2011}, Kilic_{2012},
Gianninas_{2015}}. To produce an ELM WD, the hydrogen (H)-rich envelope
must be stripped before the star develops a massive helium core. In theory,
the Galaxy is not old enough to produce ELM WDs through single stellar
evolution \citep{Iben_{1993}}. Binary evolution is thought to be the main
formation channel for ELM WDs. In this scenario, the envelope can be
stripped by stable Roche-lobe overflow (RLOF) or common envelope (CE)
ejection \citep{Marsh_{1995}, Istrate_{2016}, Chen_{2017}, Sun_{2018},
Li_{2019}, Li_{2023}}.
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Therefore, ELM WDs provide critical constraints on binary interaction physics.
Moreover, many ELM WD binaries are found with very short orbital periods,
and some are expected to be detectable by future space-borne gravitational wave
antennas, e.g., LISA and Tianqin \citep{Brown_{2020}, Li_{2020}, Amaro-
Seoane_{2023}, Liu_{2023}}. For example, the most compact detached ELM
WD binary, ZTF J1539+5027, with an orbital period of 6.91 minutes, has been
confirmed as a gravitational wave source \citep{Burdge_{2020}}.

For the observed ELM WDs, two have been detected in extremely wide orbits,
i.e., HE 0430-2457 with a semimajor axis of $�$1.59 au \citep{Vos_{2018}}
and KIC 8145411 with a semimajor axis of $�$1.28 au \citep{Masuda_{2019}}.
We summarize their binary parameters in Table 1 . The traditional binary
evolution scenario has difficulty explaining the formation of these systems, as
the progenitor radius of an ELM WD would be approximately ten times smaller
than its Roche lobe radius \citep{Masuda_{2019}}. \citet{Khurana_{2023}}
explained these systems’formation through binary–binary interactions. However,
they also note that the probability of forming wide ELM WDs through these
interactions is small.

\citet{Vos_{2018}} proposed that hierarchical triple systems may contribute
to the formation of wide-orbit ELM WD binaries, where the ELM WD is pro-
duced from the evolution of the inner binary, while the outer star does not
directly interact with the inner binary. Thus, the problem can be simplified to
the formation of single ELM WDs. One possible formation channel for single
ELM WDs is the ejection of the WD from a binary system following a Type
Ia supernova (SN Ia) of its companion \citep{Tauris_{1998}, Justham_{2009},
Meng_{2009}, Wang_{2010}}. Additionally, another possible scenario is the
merger of an evolved star with a brown dwarf (BD) \citep{Nelemans_{1998},
Shao_{2012}}.

In this case, the donor’s envelope can be stripped through spiral-in processes,
after which the BD either evaporates or fills its Roche lobe, ultimately producing
a single low-mass He WD. These two channels are described in Figure 1 [Fig-
ure 1: see original paper]. However, the triple systems that produce observed
wide-orbit ELM WD binaries remain poorly constrained. In this paper, we
consider hierarchical triple systems that contain an inner binary and a tertiary
component, with the tertiary assumed to be an F/K-type star based on observa-
tions. We calculate the production of ELM WDs in triple systems through the
above two channels, (i) the merger of an evolved star with a BD, and (ii) the
SN explosion channel, thereby generating WD binary systems with wide orbits,
respectively.

This paper is organized as follows. In Section 2, we test whether the single ELM
WD can be produced from the merger of an evolved star with a BD. In Section
3, we employ stellar evolution codes to simulate the formation of a single ELM
WD from the SN explosion channel and characterize the distributions of orbital
separation and eccentricity for the WD-tertiary binary system. Then, we com-
pare our results with the observational data. Section 4 provides a comprehensive
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summary and discussion of our work.

2. Merger of An Evolved Star with a Brown Dwarf
We first investigate whether the inner binary can produce a single ELM WD
through the merger of an evolved star with a BD, as shown in panel (a) of
Figure 1. In this channel, the inner binary first evolves into a binary system
consisting of an ELM WD and a BD through a CE phase. During the inner
binary evolution, the lost material may interact with the tertiary star, thereby
modifying the outer orbital separation \citep{Toonen_{2016}}. For simplicity,
we neglect interactions between the tertiary component and the inner binary,
and this assumption is also applied in the SN explosion channel.

BDs are degenerate objects that cannot fuse hydrogen in their cores. Sev-
eral BDs with sdB and WD companions have been found in close orbits
\citep{Casewell_{2020}}, and they are supposed to be formed through the CE
ejection process. The companion masses of BDs in observations are generally
larger than 0.4 𝑀⊙, and there are no observed samples of BDs with ELM WD
companions \citep{Maxted_{2006}, Beuermann_{2013}, Parsons_{2017},
Zorotovic_{2022}, Casewell_{2024}}. To form an ELM WD with a BD
companion, the main problem is whether there is enough orbital energy to eject
the CE when the progenitor of the WD has just developed a low-mass helium
core.

To solve this problem, we simulate two stars with masses of 𝑀 = 1.0𝑀⊙
(metallicity 𝑍 = 0.02) and 𝑀 = 0.8𝑀⊙ (metallicity 𝑍 = 0.001) by using
the Modules for Experiments in Stellar Astrophysics (MESA, version 10398;
\citealt{Paxton_{2011}, Paxton_{2013}, Paxton_{2015}, Paxton_{2018},
Paxton_{2019}}). As the stars evolve, helium cores develop, and the binding
energy of the envelope (𝐸bind) is calculated following \citet{Han_{1994}},
\citet{Ivanova_{2013}}, \citet{Han_{2020}} where 𝐺 is the gravitational
constant, 𝑚 and 𝑟 are the mass and radius of the star respectively, and 𝑈 is
the internal energy. We adopt the most commonly used energy formalism to
calculate the CE ejection process, i.e., the released orbital energy is used to
remove the CE \citep{Ivanova_{2013}}. The expression is

𝐺𝑚1𝑚2
𝑎𝑓

− 𝐺𝑚1,𝑐𝑚2
𝑎𝑖

= 𝛼CE𝐸bind

where 𝛼CE is the CE ejection efficiency, and 𝑚1, 𝑚1,𝑐 and 𝑚2 are the star mass,
the helium core mass at the onset of the CE phase, and the BD mass, respectively.
Here we adopt the typical BD mass of 0.06 𝑀⊙, and the evaporation effect
during the spiral-in process is neglected \citep{Glanz_{2018}}. 𝑎𝑖 and 𝑎𝑓 are
the initial and final separations, respectively. During the CE phase, once the
BD fills its Roche lobe, a destructive mass transfer may occur, which leads to
a failed CE ejection \citep{Nelemans_{1998}}. Therefore, there is a minimum
separation, which is given by
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𝑎min = 𝑟BD
0.49 [(𝑚1

𝑚2
)

1/3
+ (𝑚2

𝑚1
)

1/3
]

where 𝑟BD = 0.1𝑅⊙ is adopted for the radius of a BD \citep{Baraffe_{2003}}.
The final separation as a function of core mass is presented in Figure 2 [Figure 2:
see original paper], where the solid lines are for 𝑀1 = 1.0𝑀⊙, 𝑍 = 0.02, and the
dashed lines are for 𝑀1 = 0.8𝑀⊙, 𝑍 = 0.001. In our calculations, some hydrogen
envelope remains in the helium core after CE ejection. We assumed that all of
the hydrogen envelope is lost after the CE phase to obtain the minimum WD
mass. With this assumption, the actual WD mass should be larger than the
value shown in Figure 2. The red line is the minimum separation. From Figure
2, when assuming all released orbital energy is used for CE ejection (𝛼CE = 1),
the minimum WD mass remains above 0.28 𝑀⊙, which is larger than the ELM
WD masses of KIC 8145411 and HE 0430–2457. Therefore, neither of the ELM
WDs in KIC 8145411 and HE 0430–2457 can be produced by this process.

3. SN Explosion Channel
We further investigate the SN explosion channel to form wide-orbit ELM WD
binaries. The single ELM WD forms in the inner binary after an SN Ia event,
as shown in panel (b) of Figure 1. At the beginning, the inner binary contains a
massive star (6–8 𝑀⊙) and a low-mass companion ($�$1.8–2.2 𝑀⊙). The more
massive one evolves first, leaving a massive carbon–oxygen (CO) or oxygen–
neon (ONe) WD after the first CE phase. The low-mass star subsequently fills
its Roche lobe and transfers mass to the CO WD. During this phase, the CO WD
accretes material until reaching the Chandrasekhar limit, ultimately exploding
as an SN Ia. Finally, a single He WD is left but with a large runaway velocity.
The newly formed single ELM WD and the tertiary component compose the
new binary system. We discuss this channel further in Sections 3.1 and 3.2.

3.1. Binary Evolution Simulations

Using the MESA stellar evolution code, we simulate the formation of a sin-
gle ELM WD in the SN explosion channel. In this channel, the massive WD
(CO/ONe WD) is born first and accretes mass during the subsequent mass
transfer phase. Its accretion depends strongly on the mass transfer rate. The
WD can increase its mass only if it accretes at a rate larger than the threshold
accretion rate for stable hydrogen burning \citep{Meng_{2009}} and stable he-
lium burning \citep{Kato_{2004}}. In other words, the initial donor mass and
orbital separation have a significant effect on the accreted mass of the WD. In
a recent work, \citet{Li_{2019}} obtained a grid that covers initial CO WDs
with masses ranging from 0.45 to 1.1 𝑀⊙, and initial donors with masses rang-
ing from 1.0 to 2.2 𝑀⊙. Based on this work, we find that several solutions
can satisfy both of the following criteria, i.e., (1) the massive WD can accrete
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enough mass to reach the Chandrasekhar limit, and (2) the He WD produced
from the donor is less than 0.28 𝑀⊙.

Figure 3 shows two selected evolutionary tracks that can form single ELM WDs
in the plane. For the two models, the ELM WDs have an initial progenitor
mass of 2.04 𝑀⊙, while the CO WDs have an initial mass of 1.1 𝑀⊙. The initial
orbital periods are 1.14 days and 1.24 days, corresponding to final ELM WD
masses of 0.199 and 0.257 𝑀⊙, respectively. From Figure 3, the progenitor of
the ELM WD begins mass transfer at the end of the main sequence (MS), and
the CO WD accretes sufficient mass to reach the Chandrasekhar limit before
the termination of mass transfer. After mass transfer, the CO WD explodes as
an SN Ia, leaving behind a single ELM WD. Due to the thin H-envelope of the
ELM WD, it will experience H flashes. By comparing with observations, these
evolutionary tracks can reproduce the observed data. This indicates that SN
explosions could serve as an evolutionary channel for creating single ELM WDs,
which may subsequently form wide-orbit ELM WD binaries.

3.2. Eccentricity Distribution

Both KIC 8145411 and HE 0430-2457 are in nearly circular orbits, and the origin
of this phenomenon remains unclear \citep{Vos_{2018}, Masuda_{2019}}. We
explore the eccentricity distributions of ELM WDs in wide orbits after the SN
explosion. After the explosion of an SN Ia, the companion gains a runaway
velocity. Similar to the kick velocity of a neutron star (NS), the runaway velocity
of an ELM WD will alter the eccentricity and the binary separation. We assume
that relative orientation of the inner and outer binary before the SN explosion
is random. The runaway velocity is set to the ELM WD’s pre-explosion orbital
velocity, which is derived from the WD mass-orbital period relation given by
\citet{Lin_{2011}}. This velocity may be influenced by the SN explosion; we
therefore assume the runaway velocity varies by a factor of 0.8–1.2. To compare
with the observations, the ELM WD masses are randomly distributed in the
ranges of (0.18–0.28 𝑀⊙) for HE 0430-2457 and (0.191–0.209 𝑀⊙) for KIC
8145411. We use the Monte Carlo method to calculate the final eccentricity and
separation after the SN explosion. The initial outer binary separation follows a
logarithmic distribution from 20 to 104𝑅⊙ \citep{Toonen_{2020}}. The initial
outer eccentricity distributions are considered in two cases: (1) 𝑃(𝑒) ≈ 𝑒−0.42,
0 ≤ 𝑒 < 1 \citep{Sana_{2012}}; (2) 𝑒 = 0 for all simulations. The simulations
are composed of 2 × 106 binaries.

The distributions of eccentricity and orbital separation are shown in Figures 4
and 5, with the left and right panels corresponding to the initial eccentricity
distributions for case (1) and case (2), respectively. The differences between
the two cases are negligible because the runaway velocity dominates over the
initial eccentricity in determining the final orbital parameters. Due to the high
runaway velocities of ELM WDs, most binaries become unbound. For HE 0430-
2457, the number of surviving binaries post-SN Ia is 85,294 and 90,070 for
cases (1) and (2) respectively, representing $�$4% of the total sample. Although
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the probability is relatively low, the SN explosion channel still has a certain
possibility of reproducing the observed parameters of HE 0430-2457. In contrast,
the lower WD mass in KIC 8145411 leads to even higher runaway velocities,
resulting in fewer surviving binaries (45,641 for case (1) and 52,587 for case
(2)). From Figure 5 [Figure 5: see original paper], our results indicate that this
formation channel is unlikely to produce binary systems matching KIC 8145411’
s observed parameters. Combining this with the analysis in Section 2, our
conclusion indirectly supports the recent findings of \citet{Yamaguchi_{2024}},
who proposed that KIC 8145411 is in fact a triple system containing a CO WD.
Additionally, we predict that this channel is likely to produce wide-orbit ELM
WD binaries with 𝑒 > 0.5, which may be detected in the future.

4. Discussion and Conclusion
In this work, we investigate the formation of ELM WDs in wide binaries. Two
channels are carefully studied: (i) the channel of the merger of an evolved star
with a BD and (ii) the SN explosion channel. Our principal conclusions are as
follows:

First, in the merger of an evolved star with a BD channel, the progenitor en-
velope of the WD retains a high binding energy at the onset of the CE phase,
which limits production to relatively massive WDs (> 0.28𝑀⊙) and thus can-
not reproduce the observations. In comparison, the SN explosion channel can
produce ELM WDs (< 0.28𝑀⊙) consistent with the observational data.

Second, through Monte Carlo simulations of orbital separation and eccentricity
distributions between ELM WDs and tertiaries formed via the SN explosion
channel, we find that most binaries exhibit high eccentricities. Yet, a small
fraction of them are consistent with the observed parameters of HE 0430-2457.
However, we are unable to reproduce the observational characteristics of KIC
8145411, which supports the conclusion of \citet{Yamaguchi_{2024}} that this
system is a triple system.
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