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ABSTRACT

The origin of Hot Jupiters (HJs) is disputed between a variety of in situ and ez situ formation
scenarios. One of the early proposed ez situ scenarios was the Eccentric Kozai-Lidov (EKL) mechanism
combined with tidal circularization, which can produce HJs with the aid of a stellar or planetary
companion. However, observations have revealed a lack of stellar companions to HJs, which challenges
the importance of the binary star-driven EKL plus tides scenario. In this work, we explore so far
unaccounted-for stellar evolution effects on HJ formation, in particular the effect of white dwarf (WD)
formation. Gaia observations have revealed that WDs often undergo a kick during formation, which
can alter a binary’s orbital configuration or even unbind it. Based on this WD kick, in this letter we
propose and explore two novel HJ formation pathways: 1) HJs that are presently orbiting single stars,
but were initially formed in a binary that was later unbound by a WD kick; 2) Binaries that survive
the WD kick can trigger enhanced EKL oscillations and lead to 2nd generation HJ formation. We
demonstrate that the majority of seemingly single HJs could have formed in binary star systems. As
such, HJ formation in binaries via the EKL mechanism could be one of the dominant HJ formation
pathways, and our results highlight that unaccounted-for stellar evolution effects, like WD formation,

can obscure the actual origin of observed exoplanet populations.
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1. INTRODUCTION

Observations over recent decades have uncovered a
rich diversity of thousands of exoplanets, including many
systems with configurations very unlike our own solar
system and orbiting stars of all evolutionary phases (e.g.,
Wolszczan & Frail 1992; Charpinet et al. 2011; Johnson
et al. 2011; Gettel et al. 2012; Howard et al. 2012; Van-
derburg et al. 2020). One of the most peculiar and un-
expected types of discovered exoplanets was that of Hot
Jupiters (HJs), gas giants with orbital periods of only
a few days. HJs may only exist around = 1% of stars
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(e.g., Howard et al. 2012; Beleznay & Kunimoto 2022),
and, as they do not occur in our solar system, their ex-
istence has challenged long-standing theories of planet
formation. Uncovering the history of HJs has thus been
an important open question.

A large variety of competing and, sometimes, overlap-
ping theories of HJ formation has been explored over the
years (see, for example, a review by Dawson & Johnson
2018). While theories of in situ formation exist (e.g.,
Batygin et al. 2016; Boley et al. 2016; Bailey & Baty-
gin 2018; Poon et al. 2021), overall ex-situ theories ap-
pear to dominate the literature (i.e., the planet initially
formed on a wider orbit and migrated inwards later in
the system’s evolution) due to the hostile conditions for
large planet formation close to the star. These migration
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theories generally fall into two categories: smooth, disc-
driven migration of a planet early in the system’s evo-
lution when the proto-planetary disc has not dissipated
yet (e.g., Goldreich & Tremaine 1980; Lin & Papaloizou
1986; Lin et al. 1996; Bodenheimer et al. 2000; Masset &
Papaloizou 2003; Heller 2019; Mendigutia et al. 2024),
or tidally driven migration after the planetary orbit has
been excited to high eccentricities (e.g., Nagasawa et al.
2008; Jackson et al. 2008). There is a variety of possible
dynamical processes that could lead to these high orbital
eccentricities, such as planet-planet scattering (e.g., Ra-
sio & Ford 1996; Chatterjee et al. 2008), secular chaos
(e.g., Wu & Lithwick 2011; Teyssandier et al. 2019), and
the so-called Eccentric Kozai-Lidov (EKL) mechanism
(Kozai 1962; Lidov 1962; Naoz 2016). The EKL mech-
anism requires an additional distant companion to the
host star and gas giant, which can be either another
planet or a binary star companion. The EKL mecha-
nism in stellar binaries and its potential for producing
HJs has been of particular interest for many decades
(e.g., Mazeh & Shaham 1979; Innanen et al. 1997; Hol-
man et al. 1997; Wu & Murray 2003; Fabrycky et al.
2007; Naoz et al. 2012; Stephan et al. 2018; Weldon et al.
2024).

The case for EKL-driven high-eccentricity tidal mi-
gration was strengthened by observations, such as the
generally significant spin-orbit misalignments for HJs
around hot stars vs. the observed high degree of align-
ment around cool stars (e.g., Triaud et al. 2010; Winn
et al. 2010; Albrecht et al. 2012, 2022). This precip-
itated many searches for stellar companions to HJs,
(e.g.,Knutson et al. 2014; Ngo et al. 2016; Bryan et al.
2016; review in Martin 2018). While the observed bina-
rity rate for HJ hosting systems is significantly higher
than for non-HJ containing systems, some works in the
literature have argued that the EKL mechanism can-
not be a dominant cause of HJ formation, partially due
to the high prevalence of single stars with HJs (e.g.,
Petrovich 2015a; Ngo et al. 2016; Moe & Kratter 2021).
EKL-driven migration induced by a planetary compan-
ion has also been investigated (e.g., Naoz et al. 2011;
Petrovich 2015b) and recent observations of long-period
giant planet companions to HJs have provided support
for the idea (Zink & Howard 2023; Wu et al. 2023).

Overall, the current literature appears to disfavor stel-
lar binary EKL oscillations as the formation mechanism
for more than a modest ~ 20 % fraction of HJs, and in-
stead promotes contributions from many different mech-
anisms to comparative degrees. However, here, we chal-
lenge the notion that binaries are only a minor site of
HJ formation and show instead that stellar binary EKL
oscillations do contribute a very large, potentially even

dominant, fraction of HJs, which is a result of combining
stellar evolution with the EKL mechanism.

For a HJ that orbits the less massive companion star in
a binary, the more massive, “primary” star will evolve off
the main sequence (MS) before the planet host star, be-
coming a White Dwarf (WD) in most cases (if < 8Mg).
This configuration, a MS star with a HJ and an outer
WD companion, has been found roughly a dozen times
so far, as cataloged by Martin et al. (2021) with the re-
cent discovery of TOI-1259. As a star evolves past the
MS to become a WD, it can lose a significant amount of
mass (on the order of a few percent to over 80 %), which
can significantly alter the orbital properties of a binary
system with planets (e.g., Veras et al. 2013; Veras 2016;
Stephan et al. 2017, 2021) or a multi-planet system (e.g.,
Debes & Sigurdsson 2002; Petrovich & Munoz 2017).
See also reviews by Veras (2016); Veras et al. (2024).
Furthermore, it has been long suspected that this mass
loss is slightly asymmetric near the end of the asymp-
totic giant branch (AGB) phase, which would induce a
velocity recoil, commonly called a “kick” (Spruit 2002).
An observed dearth of WDs in open clusters provided
early evidence for the idea (Fellhauer et al. 2003; Heyl
2008). More recent evidence has come from the orbital
parameters and occurrence rates of MS-WD and WD-
WD binaries (El-Badry & Rix 2018) and triples (Shariat
et al. 2023) observed using Gaia. Furthermore, many
close (few AU) MS-WD binaries, which presumably ex-
perienced an episode of mass transfer, are non-circular
(e.g., Lagos et al. 2022; Shahaf et al. 2024; Yamaguchi
et al. 2024), which may further support the presence
of a kick-like mechanism associated with WD formation
(e.g., Shariat et al. 2024). The kick inferred from these
observations is strong enough to significantly alter the
orbital parameters of a stellar binary. This could in
turn alter the dynamical evolution of the planet, poten-
tially triggering new or stronger EKL-oscillations, lead-
ing to high-eccentricity tidal migration and HJ forma-
tion, or planetary engulfment. Furthermore, the kick is
also strong enough to completely unbind about ~ 21 %
of all binaries, and the majority of binaries with orbits
wider than about 1000 AU (El-Badry & Rix 2018).

In this paper, we demonstrate the significant effect
that WD kicks have on the observed HJ population.
Specifically, we propose two new HJ formation path-
ways that, to our knowledge, are presently absent in the
literature:

1. HJs presently orbiting single stars that used to be
in a binary. The HJ was formed in a stellar bi-
nary, potentially (though not necessarily) through
stellar binary-induced EKL oscillations plus tidal
migration and circularization. The outer (more
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Figure 1. Cartoon diagrams of our two proposed novel formation pathways for Hot Jupiters.

Pathway 1 (top): A cold Jupiter is turned into a HJ through EKL oscillations under the influence of a misaligned and more
massive outer stellar companion. The more massive star evolves into a WD and receives a large velocity kick due to asymmetric
mass loss. This kick ionizes the binary, leaving behind a HJ orbiting a single star.

Pathway 2 (bottom): A cold Jupiter is in a stellar binary where no EKL oscillations occur because the binary is not sufficiently
misaligned with respect to the planet. The outer star, which is more massive, evolves into a WD. It receives a moderate velocity
kick that misaligns the binary but does not ionize it, which in turn allows EKL oscillations to commence and leads to HJ

formation.



4 STEPHAN ET AL. 2024

massive) star evolved into a WD and experienced
a formation kick from asymmetric mass loss and
was ionized from the binary. The end result is an
HJ that is observed orbiting a single star while it
was originally formed in a binary. This is illus-
trated in Fig. 1 (top).

2. Second-generation HJ formation in binaries due
to WD kicks. Initially, there is a cold Jupiter or-
biting the less massive star of a MS-MS binary.
Due to the initial orientation of the system (i.e.,
low mutual binary-planet inclination or small ec-
centricities), EKL oscillations are weak or non-
existent. However, when the outer, more mas-
sive star evolves into a WD, it receives a kick that
significantly changes the system configuration (in
particular by raising the mutual inclination and/or
eccentricities) but does not ionize the binary. EKL
oscillations are thus enhanced enough to allow HJ
formation via tidal migration. The end result is
a HJ orbiting a MS star with an outer WD com-
panion (similar to TOI-1259, Martin et al. 2021).
This is illustrated in Fig. 1 (bottom).

Overall, the effect of WD kicks is to obscure the evo-
lutionary history of HJs. It is perilous to compare ob-
served HJ populations in single and binary star systems,
because a) some of the single stars either used to be bi-
naries and the outer star was ionized, or b) some of the
single stars are actually binaries with an outer WD com-
panion that has been too faint to observe.

In fact, here we demonstrate that more HJs were
formed in stellar binaries than previously thought. This
could make binary-driven EKL oscillations and tidal mi-
gration the dominant HJ formation mechanism. These
two novel HJ formation pathways that we describe in
this work could thus challenge and alter the accepted
formation history statistics of the overall HJ population.
The details of our model and simulation parameters are
outlined in Section 2, with the results of our calculations
presented in Section 3 and their implications discussed
in Section 4. We summarize our work and present our
overall conclusions in Section 5.

2. NUMERICAL METHODS AND SIMULATION
PARAMETERS

The basic system architecture under consideration
here consists of a wide binary star with one of the two
stars being orbited by a giant planet. For such systems
to be long-term stable (on the time scale necessary for
stellar evolution), they generally need to be hierarchical,
meaning that, over short time scales, the dynamics can
be described by an inner and outer Keplerian orbit with

semi-major axes (SMAs) a; and ag, respectively, inner
and outer eccentricity e; and es, and mutual inclination
inc. To ensure orbital stability and a hierarchical sys-
tem, generally a;/as < 0.1 and € < 0.1, with € being

defined as
a1 €2

€= ;21776% ) (1)
(see, for example, Naoz 2016). Over timescales much
longer than the orbital timescales the inner and outer
orbits will interact by exchanging angular momenta,
the effects of which have long been studied as the so-
called Kozai-Lidov (KL) effect (Kozai 1962; Lidov 1962),
and which, in more recent years, has been expanded to
the Eccentric Kozai-Lidov (EKL) mechanism (e.g., Naoz
et al. 2013a). In this case, the system evolution can be
treated secularly, following the orbit-averaged equations
from solving the hierarchical three-body Hamiltonian up
to the octupole order of approximation. Our secular cal-
culations also include the long-term dynamical effects of
equilibrium tides (following Hut 1980; Eggleton et al.
1998, assuming viscous timescales of 1.5 years for both
stars and gas giant planets), the aforementioned stellar
evolution effects of mass loss and radius expansion (fol-
lowing the stellar evolution code SSE by Hurley et al.
2000), as well as post-Newtonian corrections from gen-
eral relativity (Naoz et al. 2013b). The full set of equa-
tions is also given by Naoz (2016). The combination of
these physical processes has been well tested by us in
a variety of previous dynamical studies (e.g., Stephan
et al. 2016, 2017, 2018, 2019, 2021; Angelo et al. 2022;
Shariat et al. 2023, 2024).

In addition to the processes mentioned above, we also
include kicks and the effects of sudden mass loss to the
WD when it forms at the end of the asymptotic giant
branch (AGB) phase. To incorporate such non-adiabatic
events into a secular three-body calculation, we follow
the formalism described by Lu & Naoz (2019)!, which
has been tested for WD formation kicks in recent works
(Shariat et al. 2023, 2024). As our calculations are secu-
lar, the particular positions of the stars and the planets
in their orbits are chosen randomly at the time of the
kick, and new orbital parameters are determined before
returning to the secular calculations. The kick direc-
tion is chosen randomly, and the kick velocity vk is
picked from the Maxwellian distribution empirically de-
termined by El-Badry & Rix (2018), with the probability

function
2 v, V2.
P(vyick) = \/71§wk exp {Ql‘;k} , (2)
T Okick Okick

1 See also, Hamers (2018); Hoang et al. (2022); Jurado et al. (2024).



Two NovEL HOT JUPITER FORMATION PATHWAYS 5

with owiex = 0.5 km s~ and with the peak of the dis-
tribution at vkiek = V20kiek =~ 0.7 km s~!. Exam-
ples of systems following the dynamical evolution and
kick prescription outlined here are shown in Fig. 2 and
Fig. 3. We note here that we are agnostic about the ex-
act nature of the kick mechanism, as it has not yet been
clearly determined in the literature, As such, we assume
the kick happens instantaneously at the very end of the
AGB phase, after most gradual mass loss from stellar
winds has already occurred. We also tested the consis-
tency of including the kicks in our secular calculations by
comparing them with numerical calculations using the
N-body code REBOUND and its library REBOUNDx (Rein &
Liu 2012; Tamayo et al. 2020).

Using the equations and effects outlined above, we cal-
culate the secular evolution of a total of 12,823 systems.
The mass of the more massive companion star (techni-
cally the “primary” star of the system) is drawn from a
Salpeter distribution with a minimum mass of 1.1 Mg
and a maximum mass of 8.0 M, to ensure that the star
will evolve off the MS within the age of the universe and
does not undergo a supernova. The choice of this mass
range is further justified as the likelihood of a star be-
ing in a binary increases rapidly with mass (Raghavan
et al. 2010), with most solar mass or heavier stars re-
siding in binaries or even higher multiples. The mass of
the less massive planet host star is drawn from the mass
ratio distribution determined by Duquennoy & Mayor
(1991), with a minimum mass of 0.1 Mg to ensure it
will indeed be a star. The planet has the mass, radius,
and spin of Jupiter. The planet’s SMA is drawn from
a uniform distribution between 1 and 10 AU, and its
initial eccentricity is set to 0.01. The companion star’s
SMA is drawn from the log-normal binary period distri-
bution also determined by Duquennoy & Mayor (1991),
and its eccentricity is drawn from a uniform distribution
between 0 and 1, tested for orbital stability following the
criteria outlined before. The initial arguments of peri-
apsis are drawn uniformly for both orbits between 0°
and 360°. The initial mutual inclination between the
orbits is drawn isotropically. This leads to about 77%
of our systems starting with inclinations between ~ 40°
and ~ 140°, which is the parameter space where the
quadrupole level of approximation yields large eccen-
tricity excitations (e.g., Li et al. 2014; Hansen & Naoz
2020). The systems are evolved for 13 Gyrs, or until
one of our stopping conditions is fulfilled. These stop-
ping conditions include 1) Planet engulfment or Roche
lobe crossing; 2) Planet orbital circularization after tidal
migration (HJ formation); 3) Unbinding of the binary
from WD formation kick. For systems that form HJs
before the companion evolves into a WD, we check the

binary stability against kicks by testing 1000 different
randomly drawn kicks from the El-Badry & Rix (2018)
distribution at the end of their RGB lifetimes.

3. RESULTS

Our 12,823 simulations produce overall a total of 245
HJs, 162 of which become HJs before the companion
becomes a WD and undergoes a kick (see Fig. 2 for an
example system evolution), 83 of which become HJs af-
ter and due to the WD kick (see Fig. 3). 3810 planets
become engulfed by their host stars (2267 before kick,
1543 after and due to the kick), 4741 systems do not
form HJs, and their binaries are disrupted via the WD
formation kick, and 3665 never have strong star-planet
interactions and survive the kick. 362 of our runs never
reach a definitive end-state within a reasonable compu-
tation time due to various factors, such as violating the
stability and hierarchicalness conditions, and we discard
them for our analysis rather than to speculate on the
eventual system evolution result. See Table 1 for a full
list of outcomes.

The 162 HJs that form prior to their stellar binary
companions’ WD kick are roughly 1.26 % of our binary
sample, which is a formation efficiency that is overall
consistent with stellar binary KL induced HJ formation
efficiencies of various previous studies (e.g., Naoz et al.
2012; Petrovich 2015a; Anderson et al. 2016; Stephan
et al. 2018). We use this sample of HJs and test the like-
lihood for their binary systems to be disrupted by the
WD formation kick as described in Section 2. The like-
lihood of disruption versus the binaries’ orbital period
before the kick is shown in Fig. 4. Overall, we see that
about 45 % of the pre-WD binaries that have formed HJs
in our simulations will be disrupted by the kicks, with an
additional 5 % resulting in unstable configurations (i.e.,
the binary periapsis is inside or too close to the planet’s
orbit, or the new binary SMA is so wide that galactic
tides and stellar flybys quickly lead to disruption), im-
plying a 50 % binary disruption rate from WD kicks.
The two dominating factors that determine disruption
likelihood are a binary’s pre-kick mass and orbital sepa-
ration or period, with orbital eccentricity being a minor
additional factor. Since we are only considering HJs
orbiting the less massive binary companion, the overall
disruption rate has to be reduced by a factor of 2, imply-
ing that 25 % of HJs in binaries will lose the companion
due to the WD kick.

The 83 HJs that form due to the WD kick’s alter-
ation of the binary orbital parameters constitute roughly
0.65 % of our total binary sample. However, when
considering that only 5,653 of our binaries actually
reach the post-kick phase without pre-kick HJ forma-
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Figure 2. Evolution of a Binary Star System with a WD Formation Kick post Hot Jupiter Formation. Shown is
the evolution of a Jupiter-like planet orbiting in a binary star system and the outcomes of the WD formation kick. The upper
row of panels shows the mutual inclination between the planetary and stellar binary orbits. In the middle row of panels, the
red and blue lines show the planet’s SMA and periapsis distance, respectively; the cyan line shows the planet’s Roche limit
and the green and yellow lines show the stellar companion’s SMA and periapsis distance, respectively. Note that the planet
undergoes eccentricity oscillations due to the Eccentric Kozai-Lidov effect, leading to tidal migration and circularization as a
Hot Jupiter at around 0.77 Gyrs into the system’s evolution. We determine that tidal decay after circularization is minimal
for the planet, such that it will approximately remain in its orbit from that point onwards. At around 3.2 Gyrs, the more
massive stellar companion evolves off the MS, becoming first a red giant and finally a WD. The mass loss during that process
results in an expansion of the companion’s SMA and periapsis distance. Finally, we include the effects of the WD formation
kick following El-Badry & Rix (2018), which results in a new mutual orbital inclination and new companion SMA and periapsis
in ~ 40% of cases, which, for this particular system, follow the blue, green, and yellow distributions in the three plots on the
bottom of the figure, respectively. The stellar binary is separated in ~ 60% of cases for this system. The right column of panels
shows one random example of surviving system parameters. The planet host star has an initial mass of m; = 0.516 Mg, the
planet has the mass and radius of Jupiter and an initial orbit SMA of a; = 4.935 AU and eccentricity of e; = 0.01, the stellar
companion has an initial mass of mg = 1.486 Mg, initial orbit SMA of az = 1072.766 AU and eccentricity of ez = 0.913. The
planetary and stellar orbits have an initial mutual inclination of inc = 107.091° and arguments of periapsis of w; = 111.704°
and w2 = 252.729°, respectively. The stellar radii and mass loss are calculated by SSE throughout the evolution.
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Figure 3. Evolution of a Binary Star System that forms a Hot Jupiter due to a WD Formation Kick. The
line colors used in this plot correspond to the same parameters as shown in Fig. 2. Unlike the system shown in Fig. 2, the
system shown here does not undergo KL oscillations at the beginning (left column of panels), as the mutual inclination of the
planetary and stellar binary orbits is too small. However, the WD formation kick (middle column of panels) is able to alter
the companion inclination, SMA, and eccentricity sufficiently to trigger KL evolution, which eventually leads to Hot Jupiter
formation (right column of panels). The planet host star has an initial mass of m1 = 0.930 Mg, the planet has the mass and
radius of Jupiter and an initial orbit SMA of a; = 7.583 AU and eccentricity of e; = 0.01, the stellar companion has an initial
mass of m3 = 1.683 M), initial orbit SMA of a; = 791.617 AU and eccentricity of ez = 0.784. The planetary and stellar orbits
have an initial mutual inclination of inc = 38.523° and arguments of periapsis of w1 = 64.291° and ws = 90.128°, respectively.

Table 1. Outcomes of Binary with cold Jupiter Simulations.

Initial Binaries with cold Jupiters: 12823

Binary Phase H HJ formation | Planet Engulfment | Kick Separation | Incomplete

All 245 3810 4741 362
MS-MS 162 2267 - -
MS-WD 83 1543 4741 -

Remaining Binaries with cold Jupiters: 3665
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Figure 4. Likelihood of binary disruption vs. pre-
kick stellar binary period for HJ forming systems in
our simulations. Shown is the likelihood that a particular
HJ forming system in our simulations is disrupted by the WD
formation kick versus the orbital period of the stellar binary,
P>, just before WD formation, color coded by the mass of the
stellar binary. The cyan, blue, and magenta lines show the
disruption likelihood versus orbital period for stellar binaries
with eccentricity 0.6 and with total masses of 0.7, 1.2, and
2.5 Mg, respectively. Note that these are the masses towards
the end of the AGB, when some significant mass loss has
already occurred. Overall, our sample of HJ systems will
undergo binary disruption from the WD formation kick in
about 45% of cases, about 50% when considering the orbital
stability of the post-kick system.

tion, planet engulfment, or binary separation, the post-
kick HJ formation efficiency is about 1.47 %, somewhat
higher but comparable to the pre-kick HJ formation effi-
ciency mentioned above. As such, our simulations imply
that HJs in binaries with WD companions have about
an equal chance to have become HJs before or after the
companion became a WD.

4. DISCUSSION

By including WD formation kicks in the dynamics of
Jupiter-like planets in stellar binaries, our simulations
have revealed two distinct evolutionary pathways of HJ
formation that may have a significant impact on our
overall understanding of the observed HJ population,
which we discuss here: 1) “lonely” HJs orbiting single
stars that are the remnants of kick-disrupted binaries
(Fig. 1, top), and 2) “second generation” HJs that have
formed due to the binary orbital changes induced by
the kick altering the dynamical behavior of the system
(Fig. 1, bottom). Our results indicate that these types
of HJs could constitute on the order of about half of the
HJ population in the binary-triggered high-eccentricity

migration framework, which may require significant ad-
justments to statistical models of the HJ population.

4.1. Single Star HJs from Binary Separations

Our results in Sec. 3 show that about a quarter of all
HJs that form via KL-induced high-eccentricity migra-
tion in MS stellar binaries will lose their stellar compan-
ion via the WD formation kick. After kick disruption,
these HJs will practically look indistinguishable from
other “lonely” HJs to an observer. Any population-
level observational study investigating the various possi-
ble formation origins of HJs would most likely consider a
non-binary or non-dynamical formation history for these
objects when observed, which would bias the conclusions
drawn from the population statistics against dynamical
origins of HJ formation. We can briefly estimate the po-
tential impact of this bias by considering the observed
stellar companion rates to HJs.

Previous studies have generally found that about 50 %
of observed HJs orbiting MS stars have main-sequence
stellar companions out to separations of about 2,000 AU
(e.g., Ngo et al. 2016). Assuming that all HJs in these
binaries are produced via stellar binary KL, and given
our disruption chance of 25 %, the initial, pre-kick frac-
tion of HJs in binaries would be closer to 66.7 %, or 2/3
of the HJ population, such that the observed post-kick
fraction is only 50 %. However, we can also consider
that most HJ observational surveys targeting binaries
will only search for HJs orbiting the brighter, primary
star (e.g., Ngo et al. 2016), which will further bias the
statistics. Specifically, if the 50 % of HJs with binaries
are assumed to all be HJs around the primary stars, but
the 50 % of HJs without any observed companions can
also come from disrupted binaries where the HJ formed
around the less massive secondary star, then half of the
observed HJs with no companions should originate from
disrupted binaries. Extrapolating to the overall HJ popu-
lation, this would imply that up to 80 % of HJs originate
in binary systems.” As such, a sensible estimate for the
true rate of HJs forming in stellar binaries should lie be-
tween 66.7 % and 80 %, implying strongly that stellar
EKL-induced high-eccentricity migration is a dominant
HJ formation mechanism. Furthermore, the observa-
tional statistics of HJs in binaries that are wider than
2,000 AU are poorly understood, and many observed
HJs in singles may have hidden binary companions (such
as cool WDs on wide orbits, as discussed in Sec. 4.2),
which may further suppress the observed fraction of HJs
with stellar companions. It is, therefore, possible that

2 The 80 % estimate is also consistent with some estimates based
on the observed HJ obliquity distribution (e.g., Naoz et al. 2012).
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virtually all observed “lonely” HJs formed originally in
stellar binaries, after which they simply lost their stellar
companions, or they have stellar remnant companions
that have eluded detection. These numbers, of course, do
not consider HJs in multi-planet systems (which may be
about 50 % of HJs according to Knutson et al. 2014),
which should form via planet-induced KL or other dy-
namical pathways.

4.2. Second Generation HJs

Our results suggest that the formation of “second gen-
eration” HJs due to the WD kick is a robust process that
could produce about 1/3 of all EKL-induced HJs in stel-
lar binaries. In fact, we estimate the number of second-
generation HJs to be about the same as the number
of pre-kick HJs that lose the stellar companion due to
the kick, and as the number of pre-kick HJs that retain
their stellar companion after the kick in our simulations
(not considering HJs around the primary stars). This
has several interesting implications for HJ observational
statistics.

Firstly, for any HJ that is found to have a WD com-
panion, the chances that the HJ formed before the WD
kick or after and due to the WD kick are about the same
in the high-eccentricity migration framework. The study
of HJs in such systems may thus be of particular interest,
as half of them will have become HJs only relatively re-
cently in their home system’s evolutionary history, with
the cooling age of the WD providing a limit for its age
as a HJ, and their atmospheric chemistry and internal
temperature may differ from that of pre-kick HJs that
have been HJs for many billions of years already.

Secondly, binary systems that are comprised of a MS
star and a WD companion are effectively over twice as
likely to have an HJ around the MS star than around
either star in a regular MS-MS star binary. Even when
considering that either MS star in a MS-MS binary could
have an HJ, the chances for a MS-WD system to have
an HJ is still larger than the chance for a MS-MS sys-
tem (especially since WDs are also able to have HlJs,
as observed and explored by Vanderburg et al. 2020;
O’Connor et al. 2020; Munoz & Petrovich 2020; Stephan
et al. 2021). As more and more MS-WD binaries are
found thanks to Gaia and other surveys, these types of
systems should thus be a rich source of future HJ discov-
eries. Some work has already been done in this regard,
showing an ever-growing sample of HJs in MS-WD sys-
tems (e.g. Martin et al. 2021).

Lastly, the prevalence of HJs in MS-WD systems, both
from pre-kick and post-kick formation channels, con-
tributes to the observational bias against binaries as the
evolutionary cause of HJ formation (see discussion in

Sec. 4.1), as WD companions to an MS star are gener-
ally more difficult to detect, especially once they have
cooled down and start to dim (see also introduction to
El-Badry & Rix 2018). Thus, HJs that are believed to be
in single MS star systems may indeed often have distant
and cool WD companions.

4.3. Caveats and Future Work

While our results clearly show that binary ionization
is the eventual outcome of many stellar binaries contain-
ing HJs, it is important to consider for how long a given
binary with HJ will be observable as a MS-MS binary
vs. as a MS-WD binary or kick-separated single star,
in order to gauge the likelihood that observed lonely
HJs were previously in binary systems. This depends
on several factors, such as the masses of the binary star,
the time of system formation, and the exact tidal efli-
ciencies and, thus, tidal circularization times. Within
our simulations, we find that when giving the binaries
lifetimes of about the age of the universe of 13 Gyrs,
an average HJ from a separated binary will have spent
about 12 times longer orbiting the single star than or-
biting within the original binary, starting from the time
of orbit circularization. It is therefore much more likely
to “catch” such systems post kick-disruption, however
using a realistic star formation history may alter this
conclusion. As such, we are aware that this could be an
important caveat for our assessment that most lonely
HJs started their existence in binary systems. This is-
sue will be addressed in future work, where we plan to
conduct a population synthesis study using a realistic
star formation and binary formation history to deduce
the overall evolution of the HJ population.

A similar caveat presents itself concerning the survival
lifetimes of HJs post orbital circularization, and the like-
lihood of tidal damping overcoming the EKIL-oscillations
that may drive the planet to stellar engulfment. The
long-term orbital decay of HJs is a complex problem that
relies on the exact tidal mechanisms at work in these sys-
tems, where our simplistic equilibrium tide model may
be insufficient and more complex mechanisms like dy-
namical, obliquity, resonant, or chaotic tides may need
to be considered (e.g., Fabrycky et al. 2007; Anderson
et al. 2016; Teyssandier et al. 2019; Zanazzi & Wu 2021).
For the purposes of this current work, we have gener-
ally assumed that HJs, once circularized around a MS
star, will generally remain as HJs until engulfment as
their host star expands when it reaches the RG and
AGB phases. We have assumed viscous timescales for
both stars and gas giant planets to be on the order of
1.5 years (see appendix of Naoz et al. 2016, for the de-
tails of the equilibrium tide model); a longer or shorter
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viscous timescale may alter our simulations’ HJ forma-
tion efficiency (see Sec. 3).

We also acknowledge that WD kicks are not the only
mechanism that can lead to binary disruption. Galac-
tic tides and stellar encounters are known to shape
the binary orbital parameter distribution and can lead
to binary disruptions (e.g., Binney & Tremaine 1987;
Michaely & Shara 2021; Michaely & Naoz 2023; Raveh
et al. 2022; Rozner & Perets 2023; Hamilton & Modak
2024). However, in the solar neighborhood, these mech-
anisms only appear to be of concern for binaries with
SMAs of several thousand AU or wider, with a typi-
cal expected disruption timescale from fly-bys of about
3.8 Gyrs for a 10,000 AU wide binary, rising to 13 Gyrs
for a 3000 AU wide binary (see Eq. 16 of Hamilton &
Modak 2024). Virtually all our HJ-producing systems
have binary SMAs below 3000 AU, we therefore expect
fly-bys and galactic tides to have minimal impact on our
simulations’ HJ formation efficiency. However, the often
increased SMAs of the binaries post-WD formation kick
will generally make MS-WD binaries more susceptible
to disruption by these secondary effects, which we esti-
mate to contribute additional disruptions on the order
of a few percent (see Sec. 3 and Fig. 4).

5. SUMMARY AND CONCLUSIONS

In this letter we have presented two new evolutionary
pathways for HJ formation that are the consequence of
WD formation kicks: 1. HJs around single stars that
were formed in stellar binaries and have lost the binary
companions via WD formation kicks; 2. HJs in MS-WD
binaries that have formed due to the WD kick changing
the orbital parameters of the binary, triggering or en-
hancing the EKL mechanism and high eccentricity mi-
gration. The existence of these new pathways has several
key consequences for our understanding of the observed
HJ population as a whole:

1. Given that about 50 % of HJs are observed to have
distant stellar binary companions and that gener-
ally only the primary star in a binary is investi-
gated for finding HJs, we estimate that at least
80 % of HJs could have originated in binary sys-
tems, ignoring HJs in multi-planet systems. As
such, given also that finding distant WD com-
panions to stars with HJs is challenging and has
only recently been enabled by surveys conducted
by Gaia, it is possible that all HJs orbiting single
stars could have been formed in binary systems
and have simply lost their companions via WD
formation kicks.

2. MS-WD binary systems could be more likely than
MS-MS systems to contain HJs orbiting an MS

star. As such, MS-WD binaries should be a pri-
mary focus for the search for new HJs and for find-
ing interesting targets for planetary atmosphere
observations, as these HJs will also have relatively
well-defined ages in about 50 % of cases. TESS
and Gaia have already aided in finding an ever-

growing list of such interesting systems, also in-
cluding HJs around WDs.

3. The overall contributions of various formation
mechanisms to the overall HJ population need to
be re-evaluated. Our results suggest that the con-
tribution to the HJ population of the EKL mech-
anism in binary systems has been significantly
underestimated, and that most, if not all, HJs
could be produced via dynamical mechanisms such
as the EKL mechanism, both stellar and plane-
tary, and other planet-planet interactions such as
scattering or resonances. As such, the contribu-
tions to the HJ population of “in situ” forma-
tion mechanisms may be much less than previously
thought. In a future work we will conduct a pop-
ulation synthesis study to more accurately inves-
tigate the possible contribution of the various for-
mation mechanisms when including the two new
formation pathways explored in this work.

The results of this work highlight the importance of
various stellar evolution effects on the overall HJ pop-
ulation. Given that the vast majority of post-main se-
quence stars at the current age of the universe are WDs
that have most likely experienced the WD formation
kicks uncovered by El-Badry & Rix (2018) and that
most current WDs have been in binary systems dur-
ing the MS, this work is taking a crucial step towards
completing the HJ formation pathway catalog.
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