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Abstract

A model of the vacuum as a face-centered-cubic lattice predicts a two-step quantum–classical 
threshold, at 13.1 and 22.6 μg, from the hypothesis (P3) that a center-of-mass excitation 
stays coherently representable only while its reduced Compton wavelength is resolvable 
by the lattice. Collapse models also limit macroscopic coherence, so the two must be told 
apart by more than a scale. Taking P3 as a hypothesis, not a derived result, we derive 
discriminators from the model’s postulates and compute the counterpart in Diósi–Penrose 
collapse and in continuous spontaneous localization (CSL). The thresholds depend on total 
mass alone, the same for every material, while both collapse models depend on density. 
Below 13.1 μg, the model predicts no intrinsic decoherence, where collapse takes 1 s for 
Diósi–Penrose and about a microsecond for CSL at its experimental bound, for 10−15 kg over 
1 μm; this also separates the model from energy-driven reduction models, which dephase 
at every mass. The model predicts no measurable heating. Two consistency requirements 
follow: read as position localization, its rate scale would exceed the LISA Pathfinder bound 
by 66 orders of magnitude, and read as strong energy-basis dephasing it would destroy the 
phase of classical oscillations of macroscopic bodies. The Compton-scale correction does 
not alter the motion of microgram bodies. If the effective mass of a mechanical mode is the 
relevant mass, a mechanical cat state quoted at 16.2 μg bounds the irreversible coupling 
at 37 orders below its natural scale; in another common convention, that mode is below 
the threshold. A worked levitated-particle example, an outlook for near-future data, and a 
public script complete the analysis.

Keywords: quantum–classical threshold; Diósi–Penrose collapse; continuous spontaneous 
localization; macroscopic superposition; decoherence; lattice vacuum; Compton wavelength; 
mechanical cat states

1. Introduction
Where quantum mechanics stops applying to massive objects, if it stops at all, is an open 

experimental question. Collapse models answer it with a new physical process. The best 
known, due to Diósi and Penrose [1–3] (DP), ties the collapse of a spatial superposition to 
the gravitational self-energy of the difference between its branches and predicts a collapse 
time 𝜏DP = ℏ/𝐸𝐺. Continuous spontaneous localization [4,5] (CSL) instead adds a universal 
stochastic localization with a rate 𝜆 and a length 𝑟𝐶, both constrained by experiment; at the 
standard 𝑟𝐶, its originally proposed strength is now excluded [6]. A large body of work tests 
these models, interferometrically and through the heating and radiation they cause [5,7–11]. 
A further class, energy-driven stochastic reduction [12–15], dephases in the energy basis 
and conserves energy.
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A recent paper [16] proposed a different answer from a discrete model of the vac-
uum, a face-centered-cubic (FCC) lattice with Bell-pair bonds. It predicts two thresholds, 
at 𝑚soft = 13.1 μg and 𝑚hard = 22.6 μg, in the exact ratio √3, from the hypothesis P3 stated 
in Section 3. That paper noted that the scale itself is not new, since DP also predicts a scale 
of order the Planck mass. It distinguished the two models by the two-step structure and 
by the absence of any dependence on the separation Δ𝑥 between branches. A Heisenberg 
cut at the Planck mass, from the same comparison of the reduced Compton wavelength 
with the Planck length, has also been proposed on independent grounds [17], with a self-
decoherence model in which the internal vibrations of such bodies stay quantum [18]. Most 
of the tests developed here apply to a threshold of that kind as well.

Both distinctions require reaching the 13–23 μg window, which is beyond present 
superposition experiments. This paper asks what else the same postulates predict, closer to 
present experiments, and what existing data already imply.

Main results.  (i) The thresholds depend on total mass alone, so two bodies of equal 
mass and different density share them; DP and CSL do not (Section 5). (ii) Below 𝑚soft, 
the model predicts no intrinsic decoherence at any separation or time, where DP, CSL, and 
energy-driven reduction all predict finite rates (Section 6). (iii) The model produces no 
measurable heating or radiation. This yields two consistency requirements on the model 
itself. Its loss of coherence above threshold can be neither position localization at the lattice 
scale, excluded by LISA Pathfinder by 66 orders of magnitude, nor strong energy-basis 
dephasing, excluded by the phase stability of macroscopic oscillators (Section 7). (iv) The 
Compton-scale correction that sets the thresholds leaves the motion of microgram bodies 
unchanged, so existing precision oscillators do not constrain it (Section 3). (v) An existing 
mechanical cat state bounds the irreversible coupling in the window, conditionally on the 
mass assigned to an acoustic mode (Section 8). (vi) Phonon-number statistics and a Hahn 
echo separate the remaining channel types (Sections 7 and 9).

What is new? Existing tests of collapse models bound a rate that grows with mass 
and separation. The lattice model instead fixes a mass scale with no adjustable parameter, 
from one calibration of the lattice spacing, and predicts an exact null below it. The material 
ratio of Section 5, the comparison with energy-driven reduction, the two consistency re-
quirements, and the conditional bound from an existing experiment are, to our knowledge, 
new. Section 10 gives the margin that near-future data can reach.

Section 2 summarizes the framework for readers new to it. Each claim is labeled by 
status: derived from the stated postulates, computed from a stated formula, or open. A public 
script reproduces every number (Data Availability Statement). The framework’s other 
ingredients are published in refereed work [16,19,20], except the vacuum code [21], which 
is a preprint; none of them has been tested independently, and the derivations here use only 
the postulates of Section 3.

2. The Selection–Stitch Model in Brief
2.1. The Vacuum Lattice

The Selection–Stitch Model (SSM) treats the vacuum as a discrete network instead of a 
continuum. Its nodes form a face-centered-cubic (FCC) lattice, the densest packing of equal 
spheres, in which every node has twelve nearest neighbors arranged as a cuboctahedron. 
Each bond is a maximally entangled pair of qubits, a Bell pair. In the series, this lattice arises 
from a growth process of in-plane “stitches” and rare out-of-plane “lifts” that crystallizes 
into FCC packing [19], and it carries a quantum error-correcting code, so the vacuum 
behaves as a protected quantum memory [21]. These results motivate the framework, 
but the derivations below use only the postulates stated in Section 3.
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2.2. Matter as Trapped Nodes
Matter, in this picture, is a defect of the vacuum: an extra node trapped in one of 

the lattice’s tetrahedral voids, which cannot relax into the twelve-coordinated bulk and so 
persists as a localized object [19]. A defect moves by hopping between adjacent voids [20]. 
A macroscopic body is a large collection of such defects. The hypothesis P3 of Section 3 treats 
the center-of-mass motion of such a body, when it is in a superposition, as one collective 
excitation of the lattice, characterized by its total rest energy.

2.3. One Length Scale
The lattice has one length scale, the bond length 𝐿. It is fixed by a single calibration, 

matching the entanglement entropy of the code to the Bekenstein–Hawking area law, which 
gives 𝐿 = √4 ln 2 ℓ𝑃 ≈ 1.665 ℓ𝑃, about 2.7 × 10−35 m [16]. The entropy is the von Neumann 
entanglement entropy, and each stabilizer plaquette that the boundary cuts contributes ln 2, 
the entropy of one Bell pair. The entanglement spectrum of a stabilizer state is flat, so every 
Rényi entropy has the same value, and the calibration does not depend on that choice. At 
wavelengths much longer than 𝐿, the lattice is invisible. Provided all low-energy modes 
share one propagation speed, low-energy physics is isotropic and Lorentz-invariant, with vi-
olations suppressed by (𝐸/𝐸𝑃)2, about 10−56 at optical energies [16]. Ordinary quantum 
mechanics holds to extraordinary precision, except where the hypothesis below applies.

2.4. How a Threshold Arises
The lattice becomes relevant only when some scale associated with a body’s center-of-

mass motion approaches 𝐿. The SSM’s hypothesis is that the relevant scale is the reduced 
Compton wavelength, which we write as ℓC = ℏ/(𝑚𝑐) to keep the symbol 𝜆 for the CSL rate. 
Unlike the size of a body, ℓC shrinks as the mass grows, and it equals 𝐿 at 𝑚 = ℏ/(𝐿𝑐) ≈ 13 μg. 
The lattice scale is Planckian, but the mass at which ℓC reaches it is macroscopic. The two 
thresholds come from two lengths of the cuboctahedral geometry, the edge 𝐿 and the 
circumradius 𝐿/√3 of a triangular face (Figure 1).

𝐿/√3

𝐿

ℓC = 𝐿: 𝑚soft = ℏ/(𝐿𝑐)

ℓC = 𝐿/√3: 𝑚hard = √3 𝑚soft

Figure 1. A triangular face of the cuboctahedron formed by a node’s twelve neighbors. The soft 
threshold is the mass whose reduced Compton wavelength equals the edge 𝐿, whereas the hard 
threshold is the mass whose reduced Compton wavelength equals the circumradius 𝐿/√3. Their ratio, 
√3, is fixed by the geometry alone.

Representability. We call a state of a collective excitation representable when the lat-
tice can carry the phase structure set by its rest energy, 𝑒−𝑖𝑚𝑐2𝑡/ℏ, which oscillates at the 
Compton frequency 𝑚𝑐2/ℏ; the corresponding length is 𝑐 divided by that frequency, ℓC. 
The lattice’s own dispersion measures how well it does so: at wavenumber 𝑘, the correction 
to the continuum dispersion is of relative size (𝑘𝐿)2/6, and at the Compton wavenumber 
𝑘C = 1/ℓC, this equals 𝛿(𝑚) = 1

6 (𝑚/𝑚soft)2 [16]. Representability is good while this is small, 
degrades when ℓC = 𝐿, and fails when ℓC reaches the shortest length the lattice can resolve, 
the circumradius 𝐿/√3.
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2.5. Why the Compton Wavelength, and Why the Total Mass?
Three other lengths could seem more natural: the de Broglie wavelength, the width of 

the wave packet or the separation Δ𝑥 between branches, and the Compton wavelengths of 
the constituents. The model’s structure, not evidence, decides among them.

The width of the wave packet and the separation Δ𝑥 describe a particular state, not 
the excitation, and they exceed 𝐿 by many orders of magnitude; a threshold set by them 
would depend on Δ𝑥, which the model does not predict [16]. The Compton wavelengths 
of the constituents also exceed 𝐿 by far. If representability were decided constituent by 
constituent, there would be no threshold at all and the model would reduce to standard 
quantum mechanics for every body.

The de Broglie wavelength ℎ/𝑝 governs the wave behavior of center-of-mass motion, 
but it depends on the frame through the momentum. It also gives the wrong answer at 
both ends. For a slow microgram body, it is far longer than 𝐿, so the lattice would never 
matter. For a fast macroscopic body, it is shorter than 𝐿: a 1 kg body moving at 1 m/s has 
𝑝𝐿/ℏ ≈ 0.26. If the lattice dispersion acted on the center-of-mass momentum of a composite 
body, its kinetic energy would be off by about 1%, and a car would lie beyond the edge 
of the Brillouin zone. This is the “soccer-ball problem” of models in which a Planck-scale 
deformation acts on the total momentum of a composite body [22,23]. The model avoids 
it because the lattice dispersion acts on the elementary excitations, the trapped nodes of 
Section 2, whose momenta are tiny: for a nucleon at 1 m/s, the correction is about 3 × 10−56. 
The kinetic energy of a composite body is the sum of these, so its motion is unaffected.

P3 uses the total mass for a different question: whether the coherent collective state 
as a whole can be carried by the lattice. Its scale is set by the rest energy, which is the 
same in every frame, and ℓC is the frame-independent length associated with it. That a 
Planck-scale structure couples to the total mass of a coherent collective excitation, while 
the motion of the body follows its constituents, is the content of P3. It is not derived 
from P1 and P2, and every discriminator in this paper inherits its status as a hypothesis. 
Molecule interferometry beyond 25 kDa shows that the center-of-mass quantum mechanics 
of composite objects depends on their total mass [24]; it does not show that a Planck-scale 
structure couples to that mass.

Internal structure enters only through the rest energy. Two bodies of equal mass 
but different composition, density, or internal state have the same ℓC, and internal energy 
changes the rest mass of a room-temperature solid by about 3 × 10−12 of itself. P3 thus assigns 
the same threshold to every composite body of a given mass. This is what Section 5 tests.

3. The Threshold and Its Postulates
We restate only what the derivations use; Ref. [16] gives the full construction. The pub-

lished model rests on three postulates: P1, the FCC network with Bell-pair bonds; P2, 
the calibration of 𝐿 described in Section 2.3; and P3, Compton representability.

P3 (Compton representability). A center-of-mass excitation, characterized by its total 
rest energy 𝑚𝑐2, remains coherently representable on the lattice only while its reduced 
Compton wavelength ℓC = ℏ/(𝑚𝑐) is resolvable by the lattice geometry. P3 is a hypothesis 
(Section 2.5).

Representability first degrades when ℓC = 𝐿 and fails when ℓC equals the circumradius 
𝐿/√3 of a triangular face:

𝑚soft =
ℏ
𝐿𝑐 = 13.07 μg, 𝑚hard = √3 𝑚soft = 22.64 μg. (1)

The lattice correction is Hermitian. Its size, evaluated at the Compton wavenumber, is 
𝛿(𝑚) = 1

6 (𝑚/𝑚soft)2, which grows from 1/6 at 𝑚soft to 1/2 at 𝑚hard [16].
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What the two masses mean, and how they are decided. In theory, both follow from P3 
and the single calibration of 𝐿. 𝑚soft is the mass whose reduced Compton wavelength equals 
𝐿, where representability first degrades; 𝑚hard is the mass at which it equals the circumradius 
𝐿/√3, where representability fails. Their ratio √3 is fixed by the geometry alone and does 
not depend on the calibration. They matter because they are the model’s only scales for an 
intrinsic loss of coherence: below 𝑚soft, none occurs, and above 𝑚hard, the published model 
does not sustain coherence. The experiment decides whether they are right. An onset of 
intrinsic coherence loss near 13 μg, the same for every material and every separation, with a 
second step at √3 times that mass, would support them; an onset elsewhere, or one that 
depends on density or separation, would refute them (Sections 5, 6, and 11).

The correction does not alter the motion. 𝛿(𝑚) is the lattice correction at 𝑘C = 𝑚𝑐/ℏ, 
a measure of how well the rest energy is represented. It is not a correction to the kinetic 
energy of the body’s motion. At the wavenumber 𝑘 = 𝑚𝑣/ℏ of a body moving at speed 
𝑣, the same correction has relative size 𝛿(𝑚)(𝑣/𝑐)2, which is 3 × 10−18 for a 16.2 μg body 
at 1 m/s, and by Section 2.5, even this overstates the effect on a composite body. Me-
chanical frequencies, the dynamics of cantilevers and torsion balances, and the amplitude 
dependence searched for in tests of deformed commutators [25,26] are unchanged. In the 
parametrization of those tests, a correction of size (𝑝𝐿/ℏ)2/6 has the form of a deformation 
with 𝛽0 = (𝐿/ℓ𝑃)2/6 ≈ 0.46, while the oscillators of Ref. [26], of 20 μg and 77 μg, bound 𝛽0, 
as they report it, only below 6 × 1012 and 5 × 1013 [computed].

What 𝛿(𝑚) does to an observable is not yet known. The model supplies no map 
from 𝛿(𝑚) to the energy shift of a specific mode (Section 9). Until that map is derived, 
the size of any reversible effect in the window is open, and the tests below rest on the 
thresholds themselves.

Any irreversible component was modeled in Ref. [16] by a phenomenological rate law,

Γ(𝑚) =
{


0, 𝑚 ≤ 𝑚soft,
Γ0[(𝑚/𝑚soft)2 − 1]2, 𝑚soft < 𝑚 < 𝑚hard,

Γ0 =
ℏ

𝑚𝐿2 , (2)

with coherence not sustained above 𝑚hard. That paper treated the absolute scale Γ0 as 
undetermined and called the vanishing below 𝑚soft a modeling choice. Section 6 shows that 
the latter follows from P3, and Section 7 constrains the form of any irreversible component. 
Where a basis is needed, we read Γ as the decay rate of the coherence between neighboring 
energy levels of the collective excitation; for a channel linear in the Hamiltonian, this 
fixes the rate for every other pair of levels (Section 7). The irreversible part is treated as 
Markovian, as a phenomenological model; the Hermitian correction is static and produces 
no decoherence of its own. The lattice as a whole is a closed system with unitary dynamics. 
The center-of-mass excitation is a subsystem of it, so its reduced dynamics can be non-
unitary; this is the sense in which the channel is open. The channel is trace-preserving 
and of Lindblad form, so the ordinary von Neumann and Rényi entropies apply to it. 
Generalized Rényi entropies have been developed for non-Hermitian evolution, in which 
the trace of the density matrix is not preserved [27,28]; they would be needed only if the 
lattice correction were non-Hermitian, which the model excludes. Throughout, we read 
the model as Ref. [16] constructs it, in which the lattice correction is Hermitian and loss of 
representability is the only intrinsic source of non-unitarity.

Rates, not oscillation frequencies. Two very large numbers appear in this paper. 
The Compton frequency 𝑚𝑐2/ℏ = 𝑐/ℓC, about 1043 s−1 at 𝑚soft, is the phase rate of the 
rest energy. It is not the frequency of any mechanical oscillation or electromagnetic 
wave, and it is relativistic by construction, since it comes from 𝐸 = 𝑚𝑐2. The rate scale
Γ0 = ℏ/(𝑚𝐿2) = (ℓC/𝐿) 𝑐/𝐿 equals it at 𝑚soft; it is a decay rate of coherence, not a frequency 
of motion. The mechanical frequencies relevant here, from the 1 Hz spring of Section 7 to 
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the gigahertz modes of acoustic resonators [29,30], are ordinary. The lattice correction to 
the motion is of order 𝛿(𝑚)(𝑣/𝑐)2, and the special-relativistic correction is of order (𝑣/𝑐)2; 
both are negligible here. No new atomic, molecular, or optical physics enters: below 𝑚soft, 
atoms, molecules, and light obey standard quantum mechanics. That the natural rate scale 
is so large is the point of Sections 7 and 8: experiments bound any intrinsic rate far below it.

4. The Collapse-Model Comparison
Collapse time. In standard quantum mechanics, a superposition does not collapse on 

its own; its coherence is lost only to the environment, by decoherence. Collapse models 
add an intrinsic, stochastic process that suppresses superpositions of different positions. 
The collapse time is the time on which this process removes the coherence between two 
branches: 𝜏DP = ℏ/𝐸𝐺 for DP and the inverse of the rate of Equation (4) for CSL. At the level 
of the density matrix, the effect is the same as decoherence, but its source is the dynamics 
itself, not an environment. The time is long for small masses and separations, which is 
why atoms and molecules behave quantum mechanically, and short for macroscopic bodies. 
The lattice model’s counterpart is intrinsic decoherence, which vanishes below 𝑚soft.

4.1. Diósi–Penrose
For a uniform sphere of mass 𝑚 and radius 𝑅 in a superposition of two positions a 

distance 𝑑 apart, the DP energy is [31]

𝐸𝐺 =
𝐺𝑚2

𝑅 ×
{


2𝜂2 − 3
2 𝜂3 + 1

5 𝜂5, 𝜂 ≤ 1,

6
5 −

1
2𝜂 , 𝜂 ≥ 1,

𝜂 =
𝑑

2𝑅, (3)

with 𝜏DP = ℏ/𝐸𝐺. Equation (3) is Equation (23) of Ref. [31], written with the prefactor 
6𝐺𝑚2/(5𝑅) absorbed, and Appendix A derives it. We checked Equation (3) against a direct 
Fourier-space evaluation of the gravitational self-energy, which agrees to 0.01% for 𝑑/𝑅
from 10−3 to 8. For small separations, 𝐸𝐺 → 𝐺𝑚2𝑑2/(2𝑅3) [computed]. Throughout, 𝑅 is the 
radius of the sphere itself, fixed by its mass and density, and the DP smearing length enters 
only through the bound quoted below.

Two limits matter below. For 𝑑 ≪ 𝑅, 𝐸𝐺 ≈ 2𝜋
3 𝐺 𝑚 𝜌 𝑑2 with 𝜌 the density. For 𝑑 ≫ 𝑅, 

𝐸𝐺 → 6
5 𝐺𝑚2/𝑅. For 𝑑 below the atomic spacing, real matter concentrates its mass in nuclei, 

so the uniform sphere underestimates 𝐸𝐺 unless the DP smearing length exceeds that 
spacing. The XENONnT search bounds the DP smearing length to 𝑅0 > 4.9 × 10−10 m [6], 
larger than the atomic spacing, so the uniform sphere is close to the true value there as 
well. The DP times quoted below are upper bounds, or close to the true values, and the 
separations used for the material comparison of Section 5 lie above the atomic spacing.

4.2. Continuous Spontaneous Localization
In CSL, the decoherence rate between branches of a body separated by 𝑑 is [4,5]

ΓCSL(𝑑) =
𝜆

𝑚2
0

(4𝜋𝑟2
𝐶)3/2∫

𝑑3𝑘
(2𝜋)3 𝑒−𝑘2𝑟2

𝐶 | ˜𝜌(𝐤)|2[1 − cos(𝐤 ⋅ 𝐝)], (4)

where 𝑚0 is the nucleon mass and ˜𝜌 the Fourier transform of the mass density. For a single 
nucleon, it reduces to 𝜆[1 − 𝑒−𝑑2/(4𝑟2

𝐶)], which the script reproduces exactly [computed]. 
We take the standard 𝑟𝐶 = 10−7 m. Searches for spontaneous X-ray emission bound the 
rate from above [32], and the XENONnT detector has recently tightened the bound to 
𝜆/𝑟2

𝐶 < 3.0 × 10−3 s−1m−2 for white noise [6]. At 𝑟𝐶 = 10−7 m, this gives 𝜆 < 3 × 10−17 s−1, 
which excludes the originally proposed 𝜆 = 10−16 s−1 [33]; free test masses give weaker 
bounds [34,35]. We quote CSL results at the largest allowed rate, 𝜆 = 3 × 10−17 s−1. Colored 
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or dissipative extensions of CSL, and larger 𝑟𝐶, remain less constrained [6]. CSL heats every 
body at [5]

𝑑𝐸
𝑑𝑡 =

3𝜆ℏ2𝑚
4𝑚2

0𝑟2
𝐶

, (5)

which for 1 kg is about 9 × 10−18 W at that rate [computed].

5. First Discriminator: The Thresholds Depend on Mass Alone
Derivation. P3 makes representability a property of the center-of-mass excitation 

characterized by its total rest energy. The thresholds of Equation (1), the correction 𝛿(𝑚), 
and the rate law of Equation (2) are functions of 𝑚 alone. Density, radius, shape, composi-
tion, and the separation Δ𝑥 do not enter. The model assigns the same thresholds to every 
material (Section 2.5). [derived]

Contrast. Both collapse models depend on how the mass is distributed. At equal mass, 
the DP rate scales as the density for 𝑑 ≪ 𝑅 and as its cube root for 𝑑 ≫ 𝑅. The CSL rate 
scales as the density for 𝑑 ≫ 𝑟𝐶 and more steeply for 𝑑 ≪ 𝑟𝐶, where the surface of the body 
dominates. Table 1 gives the factor by which collapse is faster than for silica, for spheres of 
mass 𝑚soft.

Table 1. Factor by which collapse is faster than for silica, for spheres of equal mass 𝑚 = 𝑚soft, in Diósi–
Penrose (DP) and in CSL. The CSL factors do not depend on 𝜆. The lattice model predicts identical 
thresholds and identical correction 𝛿(𝑚) for every row. For silica at 𝑚 = 𝑚soft, 𝑅 ≈ 112 μm, so 
𝑑 = 1 mm is 𝑑/𝑅 ≈ 9, not yet the limit 𝑑 ≫ 𝑅; this is why the DP factors at 1 mm still exceed the cube 
root of the density ratio.

Material 𝝆 (kg/m3) DP, 1 nm DP, 1 mm CSL, 1 nm CSL, 1 mm

silica 2200 1.00 1.00 1.00 1.00
sapphire 3980 1.81 1.24 2.20 1.81
gold 19,300 8.77 2.17 18.1 8.76
osmium 22,590 10.27 2.29 22.3 10.25

The test is a ratio. Two bodies of equal mass and different density, in the same apparatus, 
either share their coherence limit or do not. It needs no absolute calibration, and it does 
not depend on the value of 𝐿. It is a test of what an observed coherence limit is. If a limit is 
found near the window, a mass-only onset supports the threshold reading and an onset that 
depends on density, or on Δ𝑥, at fixed mass refutes it. Ratios of CSL to DP rates that depend 
only on geometry have been studied for spheres with different radial mass profiles [36]; 
the comparison here adds a model whose thresholds have no material dependence at all.

6. Second Discriminator: No Intrinsic Decoherence Below 𝒎soft

Derivation. The rate law of Equation (2) models the irreversible component of a failure 
of representability. Under P3, representability holds for every 𝑚 < 𝑚soft, so there is no failure. 
Since loss of representability is the model’s only intrinsic source of non-unitarity (Section 3), 
there is nothing irreversible to model. The only lattice effect there is the Hermitian correction 
of Section 3, which generates unitary evolution and conserves purity. The lattice produces 
no intrinsic decoherence below 𝑚soft, for any separation and at any time. The first line of 
Equation (2) states the same result. Within the representability-breakdown mechanism, it 
follows from P3 and needs no separate modeling choice [derived].

Contrast. Both collapse models predict a rate and no threshold, so every superposition 
eventually collapses. Figure 2 and Table 2 give the collapse times for silica spheres far below 
𝑚soft, each with the radius fixed by its mass and the density of silica.
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Figure 2. Collapse time for silica spheres: Diósi–Penrose, from Equation (3), at three separations, 
and CSL at the XENONnT bound, from Equation (4), at 1 μm. The shaded region, every mass below 
𝑚soft, is where the lattice model predicts no intrinsic decoherence at any time. The gray lines mark 
𝑚soft (solid) and 𝑚hard (dashed). Each sphere’s radius 𝑅 in Equation (3) follows from its mass and 
the density of silica; it is not the DP smearing length bounded by XENONnT.

Table 2. Collapse times for silica spheres below 𝑚soft, in Diósi–Penrose (DP) and in CSL at the 
XENONnT bound, 𝜆 = 3 × 10−17 s−1. Weaker CSL gives proportionally longer times. The lattice model 
predicts no intrinsic decoherence for every entry.

Mass Model 𝒅 = 1 nm 𝒅 = 1 µm 𝒅 = 1 mm

10−15 kg DP 3 × 105 s 1.0 s 0.6 s
CSL 0.3 s 1 × 10−6 s 1 × 10−6 s

1 ng DP 3 × 102 s 4 × 10−4 s 6 × 10−6 s
CSL 3 × 10−3 s 8 × 10−9 s 1 × 10−9 s

1 µg DP 0.3 s 3 × 10−7 s 7 × 10−11 s
CSL 3 × 10−5 s 8 × 10−11 s 9 × 10−13 s

These masses lie between about 10 and 107 times below 𝑚soft, and Figure 2 extends 
the comparison to 10−18 kg. All of them lie above the present record for spatial superposi-
tions, 2.9 × 10−22 kg (Section 10.1). The lightest are in the range targeted by space-based 
proposals [37], and all are far closer to present experiments than the threshold window. 
With environmental decoherence suppressed, coherence maintained beyond a collapse 
model’s predicted time would falsify that model, and intrinsic decoherence observed there 
would falsify the lattice model. This is a test of the model that does not require reaching the 
threshold window.

Below 𝑚soft, the lattice model agrees with standard quantum mechanics, which also 
predicts no intrinsic decoherence. The test can falsify the lattice model and can exclude 
collapse models, but a null result does not confirm the lattice model over standard quantum 
mechanics. The model’s distinctive positive content remains the thresholds.

Energy-driven reduction. Models of energy-driven stochastic reduction [12–14] and 
intrinsic decoherence [15] dephase superpositions of different energies at a rate that grows 
with the energy spread, at every mass. They predict finite dephasing of energy superposi-
tions below 𝑚soft, for example, of a cat state of a light mechanical mode, where the lattice 
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model predicts none. The second discriminator also separates the lattice model from this 
class, which the heating and reversibility tests below do not.

Resolving an intrinsic rate. A collapse time alone does not show that an effect can 
be resolved against environmental decoherence, from gas collisions, blackbody radiation, 
and technical noise. What matters is how precisely an experiment can estimate an intrinsic 
rate in the presence of these. Quantum estimation theory gives the attainable precision for 
DP-type decoherence in mechanical systems and the probe states that reach it [38]. For the 
null test, the requirement is that the environmental rate be known well enough that the 
collapse-model rate would stand out. For the 10−15 kg example over 1 μm, CSL at its bound 
must be resolved at about 106 s−1 and DP at about 1 s−1; the lattice model predicts no excess 
at either level.

7. Third Discriminator: No Anomalous Heating or Radiation
7.1. Microscopic Matter

Every atom, nucleon, and electron lies far below 𝑚soft. By Section 6, no irreversible 
channel acts on them, so the lattice model predicts no spontaneous radiation from ordinary 
matter. This is consistent with the underground X-ray searches that excluded the parameter-
free version of DP [39] and bound CSL from above [6,32], since both models produce 
such radiation. CSL also heats bulk matter, by Equation (5), at up to about 9 × 10−18 W 
per kilogram at its present bound. Non-interferometric tests bound exactly this heating, 
with ultracold cantilevers [8,9], layered force sensors [10], levitated systems [7], and free 
test masses in space [11,35]; the lattice model predicts no excess in any of them [derived].

7.2. A General Condition for Heating
Consider a Markovian irreversible channel in Lindblad form [40], with operator 𝐿̂ and 

rate 𝛾. An observable ˆ𝐴 evolves as

𝑑⟨ ˆ𝐴⟩
𝑑𝑡 ⊃ 𝛾⟨𝐿̂† ˆ𝐴𝐿̂ − 1

2 {𝐿̂†𝐿̂, ˆ𝐴}⟩, (6)

which vanishes when 𝐿̂ commutes with ˆ𝐴. Three cases fix what the model can be. A channel 
diagonal in the Hamiltonian of the collective excitation, 𝐿̂ = 𝑓 (𝐻̂), commutes with it, free or 
in a trap, and produces no heating at all. A function of momentum alone does the same 
for a free body, but in a trap, the potential breaks the commutation: for 𝐿̂ = (𝐿 ˆ𝑝/ℏ)2 at rate 
Γ0, the heating is 2𝜔2𝐿2⟨𝑝2⟩/ℏ, suppressed by 𝐿2 to about 2 × 10−54 W for a 1 kg body on a 
1 Hz spring at room temperature. A position-localizing channel, such as those of collapse 
models [5], does not commute with the kinetic energy; for 𝐿̂ = ˆ𝑥, it heats at 𝛾ℏ2/(2𝑚). We 
confirmed these statements numerically, on a discretized free particle and on a truncated 
oscillator [derived].

The model’s channel is the first. P3 concerns the energy of the collective excitation, its 
rest energy together with the energy of its motion, so the basis in which representability 
can fail is the excitation’s own energy basis. For a trapped body or an acoustic mode, that 
Hamiltonian includes the confining potential, because the potential fixes the excitation’s 
energy levels. For a free body, it reduces to a function of 𝑝2/2𝑚. The momentum channel 
above serves only as a contrast.

7.3. A Consistency Requirement on the Model
Above 𝑚hard, the model states that coherence is not sustained, with rate scale 

Γ0 = ℏ/(𝑚𝐿2). Every macroscopic body lies above 𝑚hard, so the form of this channel is 
constrained by the absence of anomalous heating in ordinary matter. Suppose the chan-
nel localized position on the lattice scale 𝐿. It would then drive momentum diffusion at 
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Γ0ℏ2/𝐿2, and a 1.93 kg free test mass would heat at about 3 × 1035 W. The LISA Pathfinder 
force-noise level, of order 10−15 N Hz−1/2 [41], limits the rate of any such channel to below 
about 3 × 10−32 s−1. That is 66 orders of magnitude below Γ0 [computed]. Rotational noise 
of the same mission tightens collapse-model bounds further [42], which only strengthens 
this conclusion.

7.4. A Second Consistency Requirement: Classical Phase Stability
An energy-dephasing channel does not heat, but it is not free of consequences. Coher-

ence between neighboring energy levels of an oscillator is what gives its motion a definite 
phase. For 𝐿̂ ∝ 𝐻̂, a coherent state’s amplitude ⟨ ˆ𝑎⟩ decays at the rate at which neighboring-
level coherence decays, while its energy is unchanged; in a single run, the oscillator is 
driven toward an energy eigenstate, which does not oscillate. A pendulum with a bob above 
𝑚hard is a center-of-mass excitation to which P3 applies. At the terminal rate of Ref. [16], 
4Γ0 ≈ 6 × 1035 s−1 for 1 kg, its phase would be lost at once. A pendulum clock with a seconds 
pendulum, of period 2 s, that keeps time to about a second a day limits the phase-diffusion 
rate to about 10−4 s−1, nearly 40 orders of magnitude below that rate [computed]. 

Together with the first requirement, this restricts what the hard threshold can be. 
The loss of representability above 𝑚hard can be neither position localization at the lattice 
scale nor strong dephasing between neighboring energy levels. The thresholds and the √3
ratio are unaffected, but the published rate scale cannot apply to either form. A microscopic 
derivation of the breakdown must satisfy both requirements [derived consistency requirement].

7.5. What Then Loses Coherence?
A channel diagonal in the Hamiltonian leaves the energy distribution unchanged. For a 

free particle, it also leaves the momentum distribution unchanged, including the far-field 
interference fringes of a spatial superposition; this too was confirmed numerically. In the 
window, the lattice model allows only dephasing between different energy components 
of the collective excitation, in the spirit of energy-basis intrinsic decoherence [15], not 
loss of spatial fringes. The appropriate test is a state with coherence between distinct 
energy components, such as the mechanical cat states of a resonator [29], not matter-wave 
interferometry. This leaves the thresholds and the √3 ratio unchanged and changes only 
the observable that would reveal them.

Scope. The heating test and the reversibility test of Section 9 separate the lattice model 
from position-localizing collapse models such as DP and CSL. They do not separate it 
from energy-driven reduction, which also dephases in the energy basis, conserves energy, 
and does not heat. Against that class, the distinguishing tests are the null below 𝑚soft
(Section 6) and the mass-only onset (Section 5).

A fifth discriminator: phonon-number statistics. The two channel types act differently 
on the distribution of phonon numbers of a mechanical mode. A position-localizing channel 
heats the mode and reshapes the distribution. An energy-dephasing channel leaves every 
phonon-number probability exactly unchanged because it is diagonal in that basis. Phonon 
counting, already available in resonators coupled to superconducting qubits [29,43], tells 
the two apart at any mass, far below the window as well as in it [derived].

8. A Conditional Constraint from an Existing Experiment
Section 7 implies that any irreversible lattice effect in the window acts as dephasing 

between energy components of the excitation. Mechanical cat states containing coherence 
between distinct oscillator-energy components have been made. Bild et al. [29] prepared cat 
states of a bulk acoustic mode of a sapphire resonator, superpositions of two opposite-phase 
coherent states. The two components have the same mean energy, but the superposition 
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carries coherence among the oscillator’s energy eigenstates, which an energy-dephasing 
channel would destroy.

What was observed? The cats had mean phonon numbers up to about 2.6. Their 
interference features decayed on a timescale of about 10 μs, measured over waiting times 
up to 40 μs, against a phonon energy-relaxation time of 84 μs [29]. A companion analysis of 
the same resonator followed the Wigner negativity of Fock states for up to 40 μs and quoted 
a macroscopicity of 𝜇 = 11.3 [43], in the measure of Nimmrichter and Hornberger [44]. 
The same cat data give a bound on the DP smearing length [45]. Fock states with up to six 
phonons and genuine quantum non-Gaussianity have since been prepared in a resonator of 
the same type, with the same quoted effective mass [46].

Which mass? The effective mass of an acoustic mode depends on the displacement 
used to define it. Bild et al. quote 16.2 μg, from the root-mean-square atomic displacement, 
and 1.0 μg from the maximum displacement [29]; the companion analysis uses 1.0 μg [43]. 
The crystal’s center of mass does not move, so the mode is not a center-of-mass excitation in 
the strict sense of P3. Whether internal vibrations can stay quantum while the center of mass 
is classical has been examined in a related model [18]. Whether P3 applies to it, and with 
which mass, is an assumption. With 16.2 μg, the mode lies inside the window; with 1.0 μg, it 
lies in the null regime of Section 6. In the measure of Nimmrichter and Hornberger, which 
rates a state by the mass and time over which it tests quantum mechanics, the companion 
analysis takes 1.0 μg as the operative mass [43]. On that operational reading, the mode lies 
below the threshold.

The bound. At 𝑚 = 16.2 μg, 𝑚/𝑚soft = 1.239, and the rate law of Equation (2) at its full 
scale gives Γ0[(𝑚/𝑚soft)2 − 1]2 ≈ 2.6 × 1042 s−1. The observed coherence requires an intrinsic 
rate below about 1/(10 μs) = 105 s−1. With Γ read as the neighboring-level rate of Section 3, 
the cat’s coherence decays faster by a factor of order its phonon number, which changes this 
figure by less than one order. If P3 applies to this mode with the root-mean-square mass, 
the irreversible coupling in the window must lie at least 37 orders of magnitude below its 
natural scale. The intermediate regime then cannot be governed by the original full-strength 
irreversible rate, and the window is in practice reversible [computed].

The caveat. The bound holds only if P3 applies to this mode with the root-mean-square 
mass. With the other convention, the experiment lies in the null regime, where the model 
predicts no intrinsic decoherence, and it is again consistent with the model. In both cases, 
the experiment is compatible with the threshold framework; the constraint is conditional, 
and a test of whole-body motion in the window would remove the ambiguity [open].

9. A Fourth Signature: Reversibility
The Hermitian lattice correction is time independent. If it shifts the energy of a mode, 

on a superposition of two energy levels, it produces a static, deterministic relative phase. 
For a two-level encoding in which a 𝜋 pulse reverses that relative phase, a Hahn-echo 
sequence cancels it, whereas irreversible dephasing is not restored. A static correction is 
the opposite of a Markovian channel: it is perfectly correlated in time, which is why an 
echo removes it. The window effect would be a pure phase that preserves contrast and 
vanishes under an echo; collapse models produce a loss of contrast that no echo restores, 
accompanied by heating [derived]. The size of this phase for a given experiment is not yet 
predicted because the model supplies no map from 𝛿(𝑚) to the energy shift of a specific 
mode [open]. Deriving that map, an energy shift Δ𝐸(𝑚, 𝜔, …) for a given mode, is the next 
calculation the model needs; until then, the reversibility test is a signature to look for, not a 
prediction of a definite size.
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10. Experimental Outlook
10.1. Where Experiments Stand

Table 3 places the predictions against present experiments. The largest masses brought 
into spatial superposition are sodium nanoclusters of about 172 kDa, or 2.9 × 10−22 kg, 
in matter-wave interferometry [47], after molecules beyond 25 kDa in 2019 [24]. Levitated 
silica nanoparticles of about 10−18 kg have been cooled to their motional ground state, 
from room temperature [48] and in cryogenic free space [49], but have not yet been delo-
calized over distances comparable to their size. The largest coherence length reached so 
far, about 73 pm for a sphere of 100 nm diameter cooled to its ground state, is far below 
that size [50]. The two spheres of the worked example below are 104.5 and 106.5 times 
heavier than the record superposition. The acoustic-mode cat states of Section 8 lie inside 
the threshold window, or below it, depending on the mass convention. At the other extreme, 
the center-of-mass motion of a 10 kg mirror has been cooled to an average occupation of 
10.8 [51], at a mass far above 𝑚hard. That state is thermal, with no coherence between energy 
components, so it does not test the window; it shows that such masses can be brought close 
to the quantum regime. [computed]

Table 3. Present experiments, by mass, and the parts of this paper they bear on.

Platform Mass Achieved Bears on

sodium 
nanoclusters [47] 2.9 × 10−22 kg spatial superposition; mass record collapse-

model bounds

levitated silica 
sphere [48,49] ∼10−18 kg motional ground state; no spatial superposition yet

second 
discriminator; 
worked example

acoustic-mode 
cat [29,43]

16.2 μg (rms) or 
1.0 μg (max), 
effective

cat states, coherence about 10 μs
the window or the 
null regime 
(Section 8)

bulk acoustic 
resonator [30]

microgram-scale 
modes classical phonon coherence 6.2 ms platform for the 

window tests

gravitational-wave 
mirror [51] 10 kg thermal occupation 10.8 above 𝑚hard; no 

coherence test

10.2. The Discriminators at a Glance
Table 4 summarizes the discriminators and the experiments that address them.
The second discriminator is the most practical because its prediction applies at masses 

far closer to present experiments than the threshold window. The first needs no absolute 
calibration because it is a ratio. The third is already consistent with existing null results; it 
and the fourth separate the model from DP and CSL but not from energy-driven reduction 
(Section 7).

Table 4. The discriminators, with the predictions of each model and the experiments that address them.

Discriminator Lattice 
Model Diósi–Penrose CSL Test

equal mass, 
different 
density

identical 
thresholds

rate ∝ 𝜌 (𝑑 ≪ 𝑅), 𝜌1/3

(𝑑 ≫ 𝑅)
rate ∝ 𝜌 (𝑑 ≫ 𝑟𝐶), 
steeper below same apparatus, two materials

below 𝑚soft
no intrinsic 
decoherence 1 s at 10−15 kg, 1 μm ≈1 μs at 10−15 kg, 

1 μm levitated particles [37,48,49]
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Table 4. Cont.

Discriminator Lattice 
Model Diósi–Penrose CSL Test

heating and 
radiation

none 
measurable

radiation; 
parameter-free form 
excluded [39]

heating and radiation; 
original strength 
excluded [6]

radiation searches; free test 
masses [41]; cantilevers [9,10]

reversibility

pure phase, 
removed by 
echo (size 
open)

contrast loss contrast loss echo on states with energy 
coherence [29]

phonon 
statistics

distribution 
unchanged heating reshapes it heating reshapes it phonon counting [29,43]

10.3. Prospects with Near-Future Data
Near-future data bear on the lattice model and on collapse models in different ways, 

and Table 5 sets out the margins.
Radiation searches. XENONnT improved the previous bounds on CSL by two orders of 

magnitude and on DP by a factor of five [6]. Next-generation xenon observatories plan about 
ten times its target mass [52]. For a background-limited search the sensitivity grows roughly 
as the square root of the exposure, so a further factor of a few is a reasonable expectation; 
this is our estimate, not a published projection. Germanium searches at Gran Sasso and in 
the Majorana Demonstrator test the same radiation [32,39,53]. Each improvement tightens 
CSL and DP. The lattice model predicts no signal at any sensitivity, so these searches can 
refute it only by finding a signal that a collapse model must then explain.

Heating. Non-interferometric tests already bound CSL heating with cantilevers, 
at 𝜆 < 2 × 10−10 s−1 for 𝑟𝐶 = 10−7 m, and a proposed parametric-heating test of a levi-
tated nanosphere could reach 𝜆 ∼ 10−12 s−1 [7]. These are weaker than the X-ray bound at 
the standard 𝑟𝐶 but stronger at larger 𝑟𝐶 and for colored noise. The lattice model predicts no 
heating, so a heating signal would favor a position-localizing model, and phonon-number 
statistics (Section 7) would identify the channel.

Interferometry. The record spatial superposition is 2.9×10−22 kg [47], about 13.7 orders 
of magnitude below 𝑚soft. Testing white-noise CSL at its bound needs the first sphere of the 
worked example (Section 10.4), 9 × 10−18 kg, held for about 10 ms; reaching GRW strength 
interferometrically needs about 107 u over 180 nm for about 20 s [7]. The null test of Section 6 
applies already to that first sphere, far below the window.

Mechanical quantum states. Bulk acoustic resonators of the same family as that 
of Section 8 now reach classical phonon coherence times of 6.2 ms with negligible pure 
dephasing [30], about 600 times the cat coherence time used in Section 8. If quantum 
states of comparable lifetime are prepared, the conditional bound tightens by almost three 
orders of magnitude, and the echo and phonon-counting tests become practical on the 
same platform.

Table 5. Near-future data and what they test. The lattice model predicts no signal in the first three 
rows; its distinctive tests are the null below 𝑚soft and the behavior near the window.

Platform Present Reach Near-Future Margin and What It Tests

xenon and germanium radiation 
searches

CSL 𝜆 < 3 × 10−17 s−1; DP 
𝑅0 > 4.9 × 10−10 m [6]

a factor of a few (our estimate); tightens CSL and 
DP, no lattice signal

cantilevers, levitated heating 𝜆 < 2 × 10−10 s−1 [7] to ∼ 10−12 s−1 proposed [7]; heating channels
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Table 5. Cont.

Platform Present Reach Near-Future Margin and What It Tests

free test masses LISA Pathfinder [41,42] LISA; consistency requirement of Section 7

matter-wave and levitated 
superpositions 2.9 × 10−22 kg [47] 10−17–10−15 kg; the null test, CSL, and DP

mechanical cats and Fock states coherence ∼10 μs [29] ms lifetimes [30]; window bound, echo, phonon 
counting

10.4. A Worked Example
Table 6 gives the predictions for two levitated silica spheres. The first, of radius 

100 nm, is within an order of magnitude of the mass of the ground-state-cooled particles of 
Refs. [48,49]; holding its superposition for 10 ms would test white-noise CSL at its largest 
allowed rate, while DP would need hours. The second, of 10−15 kg, is a goal of space-
based proposals [37]; holding it for several seconds would exclude both collapse models. 
For both spheres, the three models give distinct outcomes: decoherence at the CSL time, 
decoherence at the DP time, or none [computed]. Whether such a rate can be resolved against 
environmental decoherence is discussed in Section 6.

Table 6. Predicted intrinsic collapse times for two levitated silica spheres. The lattice model predicts 
no intrinsic decoherence in either case.

Sphere Separation DP CSL, XENONnT Bound

𝑅 = 100 nm, 9.2 × 10−18 kg 100 nm 6 × 103 s 8 × 10−3 s
𝑅 = 480 nm, 10−15 kg 1 μm 1.0 s 1 × 10−6 s

11. Discussion
Consequences for the threshold model. Four points refine Ref. [16] without changing 

its thresholds or its √3 ratio. The vanishing of the irreversible rate below 𝑚soft follows 
from P3, given the model’s reading in Section 3; it is not a separate modeling choice. 
The irreversible component cannot be position localization at the stated rate scale, and on 
the natural reading, it is dephasing in the energy basis; even that cannot be strong above 
𝑚hard because classical oscillations keep their phase. On that reading, and if P3 applies to 
the mode of Ref. [29] with its root-mean-square mass, the window is effectively reversible. 
The Compton-scale correction 𝛿(𝑚) does not alter the motion of microgram bodies, and its 
observable consequence is open. The first three follow from P3 and that reading; the 
second also uses the Markovian treatment of the channel, and the third the effective-mass 
assumption of Section 8.

What would falsify the model? Below 𝑚soft: Intrinsic decoherence of a center-of-mass 
superposition, once environmental sources are accounted for, refutes the model; its absence 
cannot confirm it over standard quantum mechanics. In the window: An onset of coherence 
loss whose mass scale depends on density, or on Δ𝑥, at fixed mass refutes the threshold 
reading, and a mass-only onset at the predicted masses, in the ratio √3, would support 
it. The irreversible part is already bounded, conditionally, at 37 orders below its natural 
scale. Above 𝑚hard: The published statement that coherence is not sustained has no fixed 
observable until the breakdown is derived. Its form is restricted by the two consistency 
requirements of Section 7, and a derived channel that violates either is ruled out. If the hard 
threshold is read as the loss of superpositions of macroscopically distinct center-of-mass 
states, a sustained superposition of that kind above 𝑚hard refutes it.
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Dependence on the bond length. The absolute window depends on 𝐿, which is tied to 
one calibration. The first and third discriminators and the fourth signature do not depend 
on 𝐿 in form; the 66-order margin of Section 7 scales as 𝐿−4 and moves by less than one 
order for any 𝐿 up to 2.8 ℓ𝑃, a check printed by the script. The second depends on 𝐿 through 
the location of 𝑚soft, which stays above every mass in Table 2 for any 𝐿 up to 2.8 ℓ𝑃, where 
𝑚soft = 7.8 μg.

Limitations. P3 is a hypothesis, not a theorem, and every discriminator here inherits 
that status; Section 2.5 states what it assumes. The DP estimates use uniform spheres; below 
the atomic scale, they are upper bounds on the collapse time, or close to it. The CSL figures 
assume white noise and 𝑟𝐶 = 10−7 m, at the present XENONnT bound; colored or dissipative 
extensions weaken the X-ray bounds [5,6]. The analysis of heating assumes a Markovian 
channel. A microscopic, operator-level derivation of the representability breakdown would 
fix the size of the reversible phase and the absolute rate, and remains open.

12. Conclusions
The lattice model and collapse models predict limits on macroscopic coherence, but they 

differ in kind. The lattice threshold depends on mass alone, the same for every material; it 
permits no intrinsic decoherence below 13.1 μg at any time, which also separates it from 
energy-driven reduction; and it produces no measurable heating or radiation. The last is 
also a consistency requirement, which shows that P3 cannot mean position localization at 
the lattice scale; the model’s loss of coherence above its threshold must be, to any measurable 
extent, dephasing between energy components, not loss of spatial fringes, and the phase 
stability of classical oscillators limits even that. The Compton-scale correction leaves the 
motion of microgram bodies unchanged. An existing mechanical cat state does not conflict 
with the threshold framework and, if P3 applies to its root-mean-square effective mass of 
16.2 μg, constrains the irreversible coupling in the intermediate window to at least 37 orders 
of magnitude below the nominal rate scale. In the other common convention, the mode lies 
below the threshold. The most accessible test lies far below the threshold window, where 
collapse models predict decoherence within a second or much less, and the lattice model, 
like standard quantum mechanics, predicts none.
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Appendix A. The Diósi–Penrose Energy of a Uniform Sphere
Penrose’s energy for a superposition of two mass distributions 𝜌1 and 𝜌2 is

𝐸𝐺 =
𝐺
2 ∫∫

[𝜌1(𝐱) − 𝜌2(𝐱)][𝜌1(𝐲) − 𝜌2(𝐲)]
|𝐱 − 𝐲| 𝑑3𝑥 𝑑3𝑦.

For two copies of one uniform sphere displaced by 𝑑, write 𝐼(𝑑) = 𝐺 ∫∫ 𝜌(𝐱)𝜌(𝐲 + 𝐝)/|𝐱 −
𝐲| 𝑑3𝑥 𝑑3𝑦 for the magnitude of their mutual gravitational energy. Expanding the product 
gives 𝐸𝐺 = 𝐼(0)−𝐼(𝑑). The self-term is 𝐼(0) = 6𝐺𝑚2/(5𝑅), twice the gravitational self-energy 
of the sphere. For separated spheres, 𝑑 ≥ 2𝑅, the mutual energy is that of two point masses, 
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𝐼(𝑑) = 𝐺𝑚2/𝑑, which gives the second line of Equation (3) with 𝜂 = 𝑑/(2𝑅). For overlapping 
spheres, integrating the potential of one sphere over the volume of the other gives

𝐼(𝑑) =
𝐺𝑚2

𝑅 (
6
5 − 2𝜂2 +

3
2𝜂3 −

1
5𝜂5), 𝜂 ≤ 1,

which gives the first line. The two lines agree at 𝜂 = 1, where both equal 0.7 𝐺𝑚2/𝑅, and the 
first reduces to 𝐺𝑚2𝑑2/(2𝑅3) for small 𝑑. The same result is Equation (23) of Ref. [31]. 
The script checks it against a direct Fourier-space evaluation.
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