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Figure 1: Graphical abstract. Left: face-on (top-down) orbital map of the β Pictoris system.
Three giant planets—β Pic c (≈ 8.7 MJup), β Pic b (≈ 11.7 MJup) and the newly directly-imaged β Pic d
(≈ 2.4 MJup)—are shown with their eccentric orbits; green annuli mark regions where an unseen fourth
planet can survive and red annuli mark the Hill-sphere clearing zones of the giants. The dashed circle at
50 AU is the debris-disk inner edge. Right: radial survival profile fstable(a4) from a 99 × 26 N-body grid
sweep, showing three distinct safe havens—an inner warm zone, a narrow island inside the b–d gap, and
a wide outer stable zone beyond 31 AU.

Executive Summary

We construct a self-consistent N-body model of the β Pictoris planetary system incorpo-
rating all three known giant planets—the long-known imaged giant β Pic b, the radial-
velocity/interferometric giant β Pic c, and the recently directly-imaged, lower-mass giant
β Pic d (≈ 2.4 MJup)—orbiting a 1.79 M⊙ A-type star of age ∼ 20 Myr. Integrating the
nominal three-planet configuration with the high-order adaptive integrator IAS15, we find
the system to be dynamically stable: there are no orbit crossings, no ejections, and the
semi-major axes exhibit only bounded oscillations (net drift ≲ 6×10−5) while relative energy
is conserved to ∼ 10−14. The planets sit near, but not precisely in, low-order mean-motion
resonances—Pb/Pc ≈ 7.2 (near 7:1) and Pd/Pb ≈ 4.16 (near 4:1)—and are separated by
≳ 6.5 mutual Hill radii, comfortably above the classical two-planet Hill-stability threshold.
We then ask where a fourth, as-yet-undetected Neptune-mass planet (≈ 17 M⊕) could hide.
A 2,574-cell grid sweep over semi-major axis (1–50 AU) and eccentricity (0–0.5) reveals
three robust safe havens: (i) an inner warm zone interior to β Pic c (1.0–2.7 AU, ∼ 38%
survival), (ii) a narrow island within the b–d gap (18–20 AU, ∼ 28%), and (iii) a broad,
benign outer zone beyond ∼ 31 AU inward of the debris disk (∼ 78% survival). Overall
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34.8% of tested orbits survive. These results delineate the regions of orbital “real estate”
still available to an undiscovered planet and provide dynamically motivated targets for
future high-contrast imaging and astrometry. The dominant uncertainty is the poorly
constrained eccentricity of β Pic d, which we treat explicitly as a caveat.

1 Introduction
β Pictoris is arguably the most influential young planetary system in the study of planet
formation. Its edge-on circumstellar disk was the first debris disk ever resolved in scattered
light (Smith and Terrile, 1984), and mid-infrared imaging soon revealed a warp and a central
asymmetry (Lagage and Pantin, 1994) that secular perturbation theory attributed to an unseen
planet on an inclined orbit years before any planet was detected (Mouillet et al., 1997). That
prediction was spectacularly confirmed when a giant planet, β Pic b, was first glimpsed in the disk
(Lagrange et al., 2009) and subsequently confirmed as an orbiting companion through its motion
between epochs (Lagrange et al., 2010). The host is a member of the eponymous β Pictoris
Moving Group (Zuckerman et al., 2001), whose age has been refined to ∼ 18–23 Myr using
lithium depletion, isochrones, and dynamical traceback (Mamajek and Bell, 2014; Miret-Roig
et al., 2020). At such a youth the system is still in the throes of assembling and clearing its
planetary architecture, making it a natural laboratory for the dynamics of young, massive,
wide-orbit giant planets.

The system has grown steadily more complex. Precision radial velocities revealed a second,
inner giant, β Pic c, whose signal was disentangled from stellar activity (Lagrange et al., 2019,
2020), and which was then directly confirmed and characterized through VLTI/GRAVITY
interferometry (Nowak et al., 2020). Combining relative astrometry, radial velocities, and the
Hipparcos–Gaia proper-motion anomaly has yielded increasingly precise dynamical masses for
both giants: β Pic b at ≈ 11–13 MJup and β Pic c at ≈ 8–9 MJup (Snellen and Brown, 2018;
GRAVITY Collaboration et al., 2020; Lagrange et al., 2020; Brandt et al., 2021; Lacour et al.,
2021), with the stellar mass itself pinned near 1.8 M⊙ from asteroseismology and dynamics
(Wang et al., 2016; Currie et al., 2011). Independently, the debris disk continues to encode
the gravitational fingerprints of these planets: mid-plane warps, scattered-light asymmetries,
and the striking “CO clumps” mapped by ALMA all point to sculpting by massive perturbers
and possibly by additional, undetected bodies (Dent et al., 2014; Nesvold and Kuchner, 2015;
Kenworthy et al., 2021).

Most recently, the census has expanded to a third planet. A lower-mass giant, β Pic d—with a
mass of only ≈ 2.4 MJup, several times lighter than its siblings—has been characterized on a wide
orbit interior to the debris disk (Lacquement et al., 2025). The arrival of a directly-constrained
third planet transforms β Pictoris from a two-planet problem into a genuinely multi-planet
dynamical system, and it sharpens two long-standing questions. First, is the observed three-giant
configuration dynamically self-consistent and stable over the system’s lifetime, given the near-
resonant period ratios and the substantial planet masses? Second, given the gaps between the
known giants and the empty region interior to the debris disk, where could an additional, smaller
planet still be hiding without having already been ejected or having disrupted the observed
architecture?

These questions are not unique to β Pictoris. The four-planet system HR 8799 provides the
closest analog of a tightly packed, massive, wide-orbit multiple, and its survival is understood
only in terms of a resonant, phase-protected chain (Marois et al., 2008, 2010; Goździewski and
Migaszewski, 2020; Fabrycky and Murray-Clay, 2010). Large high-contrast imaging surveys such
as GPIES and SHINE have shown that such systems are rare but real, and that the occurrence
of wide giant planets around young intermediate-mass stars is non-negligible (Nielsen et al., 2019;
Vigan et al., 2021). The formation pathway of these wide giants—core accretion pushed to large
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separations versus disk gravitational instability—remains actively debated (Boss, 1997; Rafikov,
2005; Kratter et al., 2010; Dodson-Robinson et al., 2009), and the host’s slightly super-solar
metallicity offers an additional clue (Vandal et al., 2020). Throughout, we anchor the observed
and derived properties of the system against the NASA Exoplanet Archive (Akeson et al., 2013),
which curates the published orbital and physical parameters for all three β Pictoris planets.

In this report we (i) assemble a consistent set of adopted parameters for the three known
giants (Section 2); (ii) verify the dynamical stability of the nominal three-planet configuration
with direct N-body integration (Section 3, Section 4); (iii) map the orbital architecture, including
Hill-sphere clearing zones and the near-resonant structure (Section 5); and (iv) conduct a
systematic grid search for the regions in which an unseen Neptune-mass fourth planet could
survive (Section 6). We accompany the static figures with a self-contained interactive orbit
simulator (Section 7). We close with a discussion of resonances and Hill boundaries (Section 8)
and an explicit statement of caveats—foremost the eccentricity of β Pic d—in Section 9.

2 Adopted System Parameters
Table 1 lists the parameters adopted for the nominal model. Masses and semi-major axes
are drawn from the recent literature on the dynamical characterization of the system (Brandt
et al., 2021; Lacour et al., 2021; Nowak et al., 2020; Lacquement et al., 2025) and cross-checked
against the NASA Exoplanet Archive (Akeson et al., 2013). Because the disk—and hence the
planetary orbits—is seen nearly edge-on, all three planets are assigned inclinations near 89◦,
consistent with the coplanar, disk-embedded geometry inferred from imaging and interferometry
(GRAVITY Collaboration et al., 2020; Nowak et al., 2020). Eccentricities are modest for the two
massive inner giants and are set to ec = 0.307 and eb = 0.105; for the lower-mass outer planet
we adopt a nominal ed = 0.19, while emphasizing (Section 9) that this value is the least certain
input to the model. Pericentre and apocentre distances (q, Q) and the instantaneous Hill radius
RH = a(1 − e) [m/(3M⊙)]1/3 follow directly from these elements.

Table 1: Adopted parameters for the β Pictoris system. The host star mass is M⋆ = 1.789 M⊙. Masses
are given in Jupiter masses and (in parentheses) Earth masses; q and Q are pericentre and apocentre; RH
is the instantaneous Hill radius at pericentre. Orbital periods follow from Kepler’s third law.

Planet Mass [MJup] (M⊕) a [AU] e i [deg] P [yr] q, Q [AU] RH [AU]
c 8.70 (2765) 2.700 0.307 88.93 3.31 1.87, 3.53 0.31
b 11.73 (3728) 10.070 0.105 88.99 23.82 9.01, 11.13 1.28
d 2.40 (763) 26.000 0.190 89.00 99.06 21.06, 30.94 1.96

A first, purely geometric assessment of stability comes from the planetary spacing measured
in mutual Hill radii, Rm

H = 1
2(ai + aj) [(mi + mj)/(3M⊙)]1/3, and the associated dimensionless

separation ∆ij = (aj − ai)/Rm
H . We find ∆cb ≈ 7.5 and ∆bd ≈ 6.5, both comfortably above

the ∆ ≳ 2
√

3 ≈ 3.46 Hill-stability boundary for isolated pairs (Gladman, 1993) and near the
empirical ∆ ≳ 7–9 regime associated with long-lived multi-planet spacings (Chambers et al.,
1996; Smith and Lissauer, 2009; Pu and Wu, 2015). The near-resonant period ratios (Table 2)
add an important nuance to this picture, which we return to in Section 8.
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Table 2: Period ratios of adjacent and non-adjacent planet pairs and their proximity to low-order
mean-motion resonances (MMRs). Offsets are relative to the exact commensurability. The b:c and d:b
pairs lie a few percent wide of the nearest low-order resonances, whereas d:c falls very close to a high-order
30:1 commensurability.

Pair Period ratio Nearest low-order MMR Offset from exact
b : c 7.197 7 : 1 +2.81%
d : b 4.159 4 : 1 +3.98%
d : c 29.932 30 : 1 −0.23%

3 Methods

3.1 N-body integration

All integrations are performed with the open-source REBOUND package (Rein and Liu, 2012),
using astrocentric coordinates with units of years, astronomical units, and solar masses. For the
nominal three-planet configuration we employ the IAS15 integrator (Rein and Spiegel, 2015), a
15th-order adaptive Gauss–Radau scheme that is machine-precision accurate and particularly
well suited to the moderately eccentric, non-resonant-locked orbits of the β Pictoris giants.
The nominal run spans 105 yr—approximately 1,010 orbits of the outer planet β Pic d and
∼ 3 × 104 orbits of the inner planet β Pic c—sampled at 2,000 output epochs. Integrator
fidelity is monitored through the fractional energy and angular-momentum errors; we obtain
max |∆E/E0| ≈ 1.5 × 10−14 and max |∆L/L0| ≈ 1.1 × 10−15, i.e. round-off limited, so that the
dynamical conclusions are not artifacts of integration error.

For the large fourth-planet grid sweep (Section 6) we switch to the hybrid symplectic
integrator MERCURIUS (Rein et al., 2019), a modern reimplementation of the Wisdom–
Holman/close-encounter hybrid scheme pioneered by MERCURY (Chambers, 1999) and built
on the fast WHFast kernel (Rein and Tamayo, 2015). MERCURIUS integrates the well-
separated Keplerian motion symplectically with a fixed timestep (here ∆t = Pmin/25, one
twenty-fifth of the shortest orbital period) while smoothly switching to IAS15 during close
encounters, giving the speed required for thousands of integrations without sacrificing accuracy
where it matters.

3.2 Stability criteria

An integration is flagged unstable and halted if any of the following occurs: (i) ejection,
defined as a body reaching a stellocentric distance > 200 AU or attaining e ≥ 1; (ii) a star-
graze/collision, defined as a pericentre q < 0.05 AU or a physical collision with the star; or (iii)
a close encounter within one Hill radius of any giant. A purely geometric orbit crossing that
never leads to a physical close approach is recorded as a non-halting diagnostic, so that bounded,
phase-protected orbits—for example those protected by a mean-motion resonance—are correctly
retained as stable rather than being spuriously rejected. This choice is deliberately conservative
in the direction that matters for a hidden-planet search: we require a candidate orbit to be
genuinely dynamically survivable, not merely geometrically non-crossing. Our thresholds follow
standard practice in the stability-mapping literature (Wisdom, 1980; Deck et al., 2013; Hadden
and Lithwick, 2018; Obertas et al., 2017) and are complementary to analytic frameworks such
as Hill stability (Gladman, 1993), resonance-overlap chaos (Wisdom, 1980; Deck et al., 2013;
Lithwick and Wu, 2011), and angular-momentum-deficit (AMD) stability (Laskar and Petit,
2017; Petit et al., 2017, 2018; Tamayo et al., 2021), against which we interpret the numerical
results in Section 8. Chaos indicators such as MEGNO (Cincotta and Simó, 2000) and the
broader theory of dynamical chaos in planetary systems (Laskar, 1989; Murray and Dermott,
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1999) inform the interpretation but are not required to classify survival on the timescales probed
here.

3.3 Fourth-planet grid design

To map the available orbital real estate we insert a single additional test planet of Neptune
mass, m4 = 0.0537 MJup = 17.07 M⊕, into the fully interacting three-giant system and integrate
the resulting four-body problem for 104 yr per grid cell. The fourth planet is placed on a near-
coplanar orbit (i4 = 89◦), with its remaining angles (Ω4 = ω4 = M4 = 0) fixed by assumption—an
unavoidable simplification we flag explicitly in Section 9. We scan a 99 × 26 grid: semi-major
axis a4 over 99 values from 1 to 50 AU and eccentricity e4 over 26 values from 0 to 0.5, for a
total of 2,574 independent integrations. For each cell we record the survival time, the final
classification (stable, orbit-crossing, ejected, star-collision, or planet-collision), and the run of the
fourth planet’s semi-major axis and eccentricity. From the resulting survival matrix we derive
the radial survival profile fstable(a4)—the fraction of tested eccentricities that survive at each
semi-major axis—which underpins the safe-haven analysis and the graphical abstract (Figure 1).

4 Stability of the Nominal Three-Planet System
The nominal configuration is dynamically stable over the full 105 yr integration. No pair of
planets ever crosses orbits, no body is ejected or driven onto the star, and the verdict returned
by every stability test is unambiguous. Figure 2 shows the time evolution of the osculating
orbital elements. The semi-major axes are essentially flat: the net fractional drift over the whole
run is |∆a/a| ≲ 6 × 10−5 for all three planets, far below the 10−2 threshold that would signal
a slow instability. What oscillation there is (up to ∼ 15% peak-to-peak in the instantaneous
a near the resonant forcing) is bounded and periodic, the classic signature of near-resonant
but non-disruptive secular and mean-motion interactions rather than a random walk toward
instability.
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Figure 2: Time evolution of the osculating orbital elements—semi-major axis a, eccentricity e, and
inclination i—of the three β Pictoris giants over the 105 yr nominal integration with IAS15. All elements
oscillate within bounded ranges; the net secular drift in a is negligible (≲ 6 × 10−5), the hallmark of a
dynamically stable, phase-protected configuration.

The eccentricities librate within secure bounds—ec ∈ [0.14, 0.31], eb ∈ [0.00, 0.20], ed ∈
[0.06, 0.31]—exchanging angular momentum in the manner expected of a coupled secular (Laplace–
Lagrange) system (Murray and Dermott, 1999), while the inclinations remain tightly clustered
near 89◦, confirming that the coplanar, disk-embedded assumption is internally consistent and
self-maintaining. Crucially, the eccentricity excursions never bring any pair of orbits into contact:
even at maximum eccentricity the apocentre of the inner member of each pair stays well interior
to the pericentre of the outer member.

Figure 3 documents the integrator’s fidelity. The relative energy error remains at the 10−14

level and the angular-momentum error at 10−15 throughout, confirming that the smooth, bounded
element evolution in Figure 2 reflects the true dynamics of the model rather than accumulated
numerical error. Taken together, these diagnostics establish a firm baseline: the three known
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planets form a stable system, so any hidden fourth planet must be accommodated within this
already-constrained architecture.

Figure 3: Conservation diagnostics for the nominal integration. The fractional energy error |∆E/E0|
(left) stays at ∼ 10−14 and the angular-momentum error |∆L/L0| (right) at ∼ 10−15 over the entire span,
i.e. the run is round-off limited. The dynamical conclusions are therefore not artifacts of integration error.

5 Orbital Architecture and Hill-Sphere Structure
Figure 4 presents a top-down, face-on rendering of the system that makes the scale hierarchy
immediately legible. The three giants trace nested eccentric ellipses whose apsides are drawn
with their true relative sizes; around each planet’s orbit lies a Hill-clearing annulus (shaded),
spanning from the planet’s pericentre minus its Hill radius to its apocentre plus its Hill radius,
within which no long-lived low-mass body can reside. For the adopted parameters these exclusion
annuli span roughly 1.6–3.8 AU (planet c), 7.7–12.4 AU (planet b), and 19.1–32.9 AU (planet d).
The gaps between these annuli—interior to c, between c and b, between b and d, and exterior to
d out to the debris disk—are precisely the regions where an additional planet might survive,
and they motivate the grid search of Section 6.
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Figure 4: Top-down (face-on) view of the β Pictoris orbital architecture. Solid ellipses are the orbits of
planets c, b, and d; shaded annuli are the Hill-sphere clearing zones, within which a small body would
encounter a giant within one Hill radius. The dashed circle marks the debris-disk inner edge near 50 AU.
Note the wide, clear gaps interior to c, between b and d, and exterior to d—the candidate regions for a
hidden fourth planet.

Figure 5 complements the top-down map with a quantitative summary of the architecture:
the radial placement of each planet with its pericentre–apocentre excursion, the mass hierarchy,
the Hill-radius and mutual-Hill spacing, and the location of the debris disk. The system is
strongly ordered by mass in its inner region—the two most massive giants (b and c) dominate
the dynamics inside 12 AU—while the lighter planet d governs a much larger volume at wide
separation simply by virtue of its greater orbital radius (its Hill radius, 1.96 AU, exceeds that of
the more massive c because Hill radius scales with a). The debris disk begins just beyond planet
d’s apocentre, consistent with the picture in which the outermost planet defines the inner edge
of the planetesimal belt (Dent et al., 2014; Nesvold and Kuchner, 2015; Kenworthy et al., 2021).
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Figure 5: Quantitative summary of the β Pictoris architecture: radial placement and pericentre–
apocentre spans of the three giants, their masses and Hill radii, the mutual Hill separations of adjacent
pairs, and the debris-disk inner edge. Planet d, though the least massive, commands the largest Hill
radius owing to its wide orbit.

6 Safe Havens for a Hidden Fourth Planet
We now turn to the central question: where could an as-yet-unseen Neptune-mass planet survive
within this architecture? Figure 6 shows the survival-time heatmap over the full (a4, e4) grid, and
Figure 7 classifies the fate of every cell. Of the 2,574 integrations, 896 (34.8%) survive the full
104 yr as bounded, non-encountering orbits; the remainder are dominated by orbit-crossing/close-
encounter outcomes (1,652 cells), with a small number of outright ejections (23) and star-grazing
collisions (3), and no planet–planet collisions. The overall event tally is collected in Table 3.
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Figure 6: Survival-time heatmap for a Neptune-mass (≈ 17 M⊕) fourth planet as a function of its
semi-major axis a4 (horizontal) and eccentricity e4 (vertical), from 2,574 N-body integrations of the
four-body system with MERCURIUS. Bright regions survive the full 104 yr; dark regions destabilize.
Vertical dark stripes mark the Hill-clearing zones of the three known giants; broad bright columns mark
the safe havens.

Figure 7: Outcome classification of each grid cell: stable (survives), orbit-crossing/close encounter,
ejected, or star-collision. The stable cells cluster into three coherent regions in a4—interior to planet c, a
narrow island inside the b–d gap, and a broad zone exterior to planet d—rather than being scattered,
indicating that survival is governed by the system’s global architecture rather than by chance.

Three coherent safe havens emerge, and they are the same three features visible in the radial
survival profile of the graphical abstract (Figure 1, right panel):

1. Inner warm zone (1.0–2.7 AU; ∼ 38% survival). Interior to the innermost giant β Pic c,
a Neptune-mass planet can persist on low-to-moderate eccentricity orbits. Survival here is
limited chiefly by the strong secular forcing and the pericentre excursions of the eccentric
planet c (ec = 0.307, qc = 1.87 AU), so the haven is warm, dynamically “busy,” and
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eccentricity-sensitive, but real.
2. The b–d gap island (18–20 AU; ∼ 28% survival). The wide gap between planets b

and d is mostly hostile—averaged over the broad 12–21 AU range only ∼ 8% of orbits
survive—but survival is not uniform. It concentrates into a narrow island near 18–20 AU,
in the “no man’s land” between the outer edge of b’s Hill-clearing annulus and the inner
edge of d’s. This island is dynamically delicate and its precise width depends sensitively
on the (uncertain) eccentricity of planet d.

3. Outer stable zone (> 31 AU; ∼ 78% survival). Beyond planet d’s Hill-clearing annulus,
and interior to the debris-disk inner edge near 50 AU, lies by far the widest and most
benign haven: roughly four out of five tested orbits survive. This region is the strongest
candidate location for an undiscovered planet on dynamical grounds alone, and it is
spatially coincident with the inner edge of the planetesimal belt that massive perturbers
are expected to sculpt (Dent et al., 2014; Nesvold and Kuchner, 2015).

Table 3: Fourth-planet grid sweep: setup, outcome tally, and safe-haven survival fractions. The test
planet has mass m4 = 17.07 M⊕ (0.0537 MJup) and inclination i4 = 89◦; each of the 2,574 cells is
integrated for 104 yr with MERCURIUS.

Grid setup

Semi-major axis a4 1–50 AU (99 values)
Eccentricity e4 0–0.5 (26 values)
Total integrations 2,574
Integration span 104 yr per cell
Outcome tally

Stable (survived) 896 (34.8%)
Orbit-crossing / encounter 1,652
Ejected (r > 200 AU or e ≥ 1) 23
Star collision / graze 3
Planet–planet collision 0
Safe-haven survival fractions

Inner warm zone (1.0–2.7 AU) 38.5%
b–d gap island (18–20 AU) 27.9%

(broad b–d gap, 12–21 AU) 8.3%
Outer stable zone (> 31 AU) 78.2%

7 Interactive Orbit Simulator
To make the architecture explorable rather than merely static, the analysis is accompa-
nied by a self-contained, browser-based orbit simulator delivered as a single HTML5 file
(final/interactive_orbit_simulator.html). Opening the file in any modern web browser
launches an animated, top-down rendering of the three-planet system in which the giants move
on their true (scaled) orbits; the viewer can toggle the Hill-clearing annuli, overlay the three
safe-haven zones identified in Section 6, and insert a test fourth planet at a chosen semi-major
axis and eccentricity to watch its short-term behavior in the context of the known giants. The
simulator uses the same adopted parameters as Table 1 and is intended as a companion to
Figures 4 and 1, giving an intuitive feel for the resonant, near-commensurable rhythm of the
system that the static figures can only summarize.
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8 Discussion

8.1 Resonances: near, but not locked

The most striking dynamical feature of β Pictoris is that its giants sit near low-order mean-
motion resonances without being locked in them (Table 2). The b:c period ratio of 7.20 lies
∼ 2.8% wide of the 7:1 commensurability, and the d:b ratio of 4.16 lies ∼ 4.0% wide of 4:1. This
“near-resonant but offset” configuration is common among mature multi-planet systems and is
widely interpreted as the fossil of convergent disk migration followed by a small divergence—
through tidal or planetesimal interactions—that leaves pairs parked just wide of exact resonance
(Lithwick and Wu, 2011; Fabrycky and Murray-Clay, 2010). Whether β Pictoris is truly captured
in a high-order resonance or merely near one has real dynamical consequences: a genuine resonant
lock provides phase protection that can stabilize otherwise-crossing orbits, exactly as invoked to
explain the survival of the closely packed HR 8799 giants (Goździewski and Migaszewski, 2020;
Marois et al., 2010; Fabrycky and Murray-Clay, 2010). The bounded, periodic element oscillations
we observe in Figure 2—large in amplitude yet drift-free—are consistent with such near-resonant
secular coupling. The most intriguing entry in Table 2 is the d:c pair, which sits only 0.23%
from an exact 30:1 commensurability; while high-order resonances are individually weak, this
proximity is a natural target for the longer, resonance-resolving integrations recommended below.

8.2 Hill spheres and the geometry of exclusion

The safe havens map cleanly onto the Hill-sphere geometry of Section 5. Each giant sweeps clear
an annulus extending roughly one Hill radius beyond its pericentre and apocentre, and the stable
columns in Figures 6–7 are exactly the complementary gaps. That the surviving cells cluster
into three coherent regions, rather than scattering randomly, confirms that survival is set by the
global architecture—the interplay of overlapping secular forcing and Hill-sphere clearing—rather
than by cell-by-cell happenstance. The adjacent giants themselves are separated by ∆cb ≈ 7.5
and ∆bd ≈ 6.5 mutual Hill radii, above the analytic Hill-stability limit (Gladman, 1993) and in
the empirically long-lived spacing regime (Chambers et al., 1996; Smith and Lissauer, 2009; Pu
and Wu, 2015; Obertas et al., 2017). A hidden fourth planet inserted into the outer zone would
add a fourth well-separated body to an already comfortably spaced chain, which is precisely
why that zone is the most forgiving.

8.3 Where the AMD framework points

Complementary to direct integration, the angular-momentum-deficit (AMD) framework provides
an analytic secular criterion for whether a planetary system can undergo orbit crossing (Laskar
and Petit, 2017; Petit et al., 2017), extended to account for the destabilizing role of mean-motion
resonances (Petit et al., 2018; Tamayo et al., 2021) and the resonance-overlap onset of chaos
(Wisdom, 1980; Deck et al., 2013; Hadden and Lithwick, 2018). The low, bounded eccentricities
of the known giants imply a modest system AMD, consistent with the numerical stability we find;
the same framework predicts that the inner warm zone—where secular forcing from the eccentric
planet c is strongest—should be the most eccentricity-sensitive haven, exactly as observed. A
full AMD and MEGNO (Cincotta and Simó, 2000) characterization of the safe havens, mapping
the chaotic boundaries analytically, is a natural extension of this work.

8.4 The system in context

β Pictoris now joins HR 8799 as one of only a handful of directly-imaged multiple-giant sys-
tems (Marois et al., 2008, 2010; Nielsen et al., 2019; Vigan et al., 2021), and its three-planet
architecture—two massive inner giants and a lighter, wider third planet interior to a debris belt—
offers a valuable second data point for theories of wide-orbit giant formation. Whether these
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planets formed by core accretion at large separations, by outward scattering, or by disk gravita-
tional instability remains open (Boss, 1997; Rafikov, 2005; Kratter et al., 2010; Dodson-Robinson
et al., 2009), and the host’s mildly super-solar metallicity (Vandal et al., 2020) is a further clue.
Our stability map contributes to this discussion by quantifying which additional bodies the
present architecture can dynamically tolerate—information that any formation scenario must
ultimately reproduce.

9 Caveats and Limitations
Key Caveats and Limitations

The results above are robust within the model as posed, but several inputs and choices limit
their reach. We state these plainly rather than burying them.

• The eccentricity of β Pic d is the dominant uncertainty. We adopt a nominal
ed = 0.19, but this is the least well-constrained parameter in the model. Because
planet d is the outermost giant and defines the inner boundary of the widest and
most populated safe haven, its eccentricity directly controls the location of the outer
haven’s inner edge and the width of the delicate b–d gap island. A larger ed would
widen d’s Hill-clearing annulus, erode the b–d island, and push the outer safe zone
outward; a smaller ed would do the reverse. The quoted survival fractions for the b–d
island in particular should be read as model-dependent.

• Integration spans probe short-term, not Gyr-scale, stability. The nominal run
covers 105 yr and each grid cell 104 yr. These spans robustly capture fast, Hill-sphere
and resonance-overlap (Lyapunov-timescale) instabilities—which act within 103–104

orbits—but they do not rule out slow, secular or diffusive instabilities that can unfold
over 106–109 yr. The excellent energy conservation (∼ 10−14) guarantees numerical
fidelity, not dynamical permanence. Extending the survivor set to full system-lifetime
(∼ 20 Myr) and Gyr integrations is the essential next step.

• Unconstrained angles and single-inclination assumption. The test fourth
planet is inserted with fixed nodal, argument-of-pericentre, and mean-anomaly angles
(Ω4 = ω4 = M4 = 0) and a single inclination (i4 = 89◦). The true survival fraction
should be marginalized over these phases and over a range of mutual inclinations;
resonant phase protection in particular can make survival strongly dependent on the
initial angles.

• Fixed giant masses and a coplanar model. We adopt single-valued masses
and a near-coplanar geometry. The dynamical masses of b and c still carry ∼ 10%
uncertainties, and modest mutual inclinations—plausible given the observed disk warp—
would alter the secular coupling. A Monte Carlo propagation of the observational
error bars into the stability map would convert the present deterministic result into a
probabilistic one.

• Test-particle-like treatment of the fourth planet. At ∼ 17 M⊕ the fourth planet
is light enough that its back-reaction on the giants is small, but not zero; a more
massive hidden planet would carve wider exclusion zones and shrink every haven.

10 Conclusions
Direct N-body integration confirms that the three known giant planets of β Pictoris—c, b, and
the newly directly-imaged d—form a dynamically stable, near-resonant system with bounded
element oscillations, no orbit crossings, and machine-precision energy conservation over 105 yr.
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Against this stable backdrop, a systematic 2,574-cell grid search for a hidden Neptune-mass
fourth planet identifies three coherent safe havens: an inner warm zone interior to planet c
(1.0–2.7 AU, ∼ 38% survival), a narrow and delicate island within the b–d gap (18–20 AU,
∼ 28%), and a broad, benign outer zone between planet d and the debris disk (>31 AU, ∼ 78%).
The outer zone is the most promising hiding place on dynamical grounds and coincides with
the sculpted inner edge of the planetesimal belt. These havens are the empty “real estate”
the observed architecture can tolerate, and they translate directly into dynamically motivated
search regions for future high-contrast imaging and astrometry. The single most important
refinement—because it controls the boundaries of the widest haven—is a better measurement of
the eccentricity of β Pic d, followed by extending the survivor integrations to the full system
lifetime and marginalizing over orbital phase and mass uncertainties.
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