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Abstract

A gravitational decoherence rate of first order in Newton’s constant, the Didsi—Penrose
rate I' = CEg/h, cannot come from quantized linearized gravity for an equal-mass spatial
superposition, nor, in a Gaussian treatment, from any translation-invariant state that
obeys the spectrum condition. The natural remaining source is a stationary bath at finite
temperature. We show that such a bath, coupled Hamiltonianly to the mass density, drags
moving bodies: if its noise has the Didsi—Penrose form and is white and passive at the
wavelengths a neutron star resolves, the friction rate is at least (27/3)(ChG/kpTog) times
the density, with Teg the fluctuation—dissipation temperature. The orbital decay of the
double pulsar PSR J0737—3039A /B then requires Tog/C > 3.3 x 1016 K. For dissipative
Diési—Penrose models this raises the lower bound on the collapse temperature by a factor
3 x 10% and excludes the proposed point T ~ 3 K by 10'®. What survives is Diési-Penrose
noise in the infinite-temperature limit, that is, noise without back-action, together with baths
that behave differently at kilometre scales than in the laboratory. With Gaussian smearing
Ry of the mass density, data allow Ry > 4.5 A C'/3 with no upper bound, and C' is a free
parameter of order one. For a uniform sphere of radius a > Ry separated by d > 2a the rate
is ' = CGM?[6/(5a) — 1/d]/h, independent of Ry, so once other decoherence channels are
subtracted one visibility measurement determines C; for 1 ug of silica 7 = 65 ps/C.

1 Introduction

Di6si [1, 2] and Penrose [3] proposed that a mass in a superposition of two locations loses
coherence at the rate
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with C' a number of order one (C' =1 in Diési’s normalization). The rate is first order in G and
does not depend on any environment. Reviews of gravitational decoherence [4, 5] survey the
models that produce it and the experiments that test it.

Where can such a rate come from? Treating the graviton field as an environment gives
master equations whose rates are also first order in (G, but they decohere superpositions of
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different energies [6, 7, 8]. For a spatial superposition of one body the two branches carry the
same mass, the monopole of the source difference vanishes, and the field channel gives no rate
(Section 4). The same holds, in a Gaussian treatment, for any translation-invariant state that
obeys the spectrum condition. What remains is a stationary medium that breaks the spectrum
condition: a bath at finite temperature. Black-hole horizons decohere superpositions through
finite-temperature quanta, and the effect is reproduced by modelling the hole, or ordinary
matter, as a system at finite temperature [9, 10, 11]; those quanta are free and on shell and lack
Didsi—Penrose-form noise, so they fall outside the class bounded here. Dissipative Didsi—Penrose
models [12, 13] postulate a bath with that noise explicitly.

This paper shows that, under conditions stated below, a finite-temperature bath cannot
be the source. If the mass density couples to the bath through a Hamiltonian, the correlator
that carries the noise also carries a dissipative response, and a body moving through the bath
feels friction. Theorem 3.1 fixes that friction from two numbers, the noise strength C' and the
fluctuation—dissipation temperature T.¢. Binary pulsars measure friction very well. Provided
the bath’s noise keeps the Didsi—Penrose form, is white over the drift band and is passive at the
wavelengths a neutron star resolves, the orbital decay of the double pulsar PSR J0737—3039A /B
requires

Tog/C > 3.3 x 106 K (2)

(Corollary 3.3). For dissipative Diési-Penrose models this raises the lower bound on the collapse
temperature by a factor 3 x 10%9.

What survives is Diési—Penrose noise in the infinite-temperature limit, that is, noise without
back-action [2, 14], together with baths whose kilometre-scale behaviour differs from their
laboratory-scale behaviour (Section 3.4). Sections 5 and 6 give the allowed parameter region
of the survivor and a prediction that measures its coefficient C' independently of its smearing
length.

Section 2 fixes conventions. Section 3 contains the drag theorem, the pulsar bound and
its consequences. Section 4 states precisely, as known results, why the rate cannot come from
quantized linearized gravity or from a translation-invariant positive-energy state. Section 7 lists

the loopholes that remain open.

2 Setting, the rate from noise, and the scaling test

The measured quantity. A rigid body of mass M is prepared in a superposition of two
static positions a distance d apart. Both branches carry the same mass. The source is inertial.
The two paths are recombined and the fringe visibility |z(¢)|, with z = 2ppR, is recorded as a
function of the time ¢ spent apart. A rate is a constant I' with |z(t)| o< e7!* at late times.

The rate from noise. Let the mass density couple to a potential operator, Hiy = [ p ® d®z.
The branches differ through the which-path variable B(t) = [ Ap(x) ®(x,t) d3x. For Gaussian
fluctuations and pure dephasing,
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Since [(1 — coswt) w™2dw = mt, the late-time slope is
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A rate requires a zero-frequency floor. If Sp(w) = O(w?) as w — 0, the integrand of Eq. (3) is
bounded at small w and — In |z| saturates.

Diési—Penrose noise. Classical white potential noise with
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(0®(x,t) 0®(y, s)) = for all w, (5)
gives Sp(0) = ChG [[ ApAp|x —y|~! = 2ChEq, so Eq. (4) reproduces Eq. (1). At C' =1 this
is the noise behind Disi’s master equation p = —(G/2h) [[[M(x), [M(y), o] |x — y|~' [1, 2J;
the normalization used with Penrose’s prescription in Refs. [15, 16] is larger by a factor 8w, as
stated in Ref. [17], so it corresponds to C' = 8r. We measure C' in Didsi units throughout.

The energy. Eg in Eq. (1) contains the same-branch terms; they make Eg > 0. For uniform

spheres of radius a,
Eg = GM2(E - 1) (d > 2a) (6)
S5a d -7
which saturates at (6/5)GM?/a for d > a (Appendix A). The point-mass expression GM?/d is

the magnitude of the cross term alone; it is not a limit of Eq. (1) for any mass distribution.

The scaling test. At fixed geometry, write F'(M,t) = —In |z| and define

_ F(2M, 1) _ F(M,2t)
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A rate of the form (1) has Ry, = 4 and Ry = 2: the mass enters once through each coupling in
the variance, G once through the noise strength, and the white spectrum makes the exponent
linear in t. We apply this test below.

3 The drag theorem and the double-pulsar bound

3.1 The drag theorem

Let Hipg = [p® d3x with ® a bath operator. Per unit volume define the symmetrized noise and

the dissipative response

S(k,w) = %/dtemt<{<13k(t),<1>_k}>, V(K w) = %/dtem([@k(t),@_k]) (8)

Fix a wavenumber k, and a speed vmyax, and assume:

(H) Reciprocity: the operator p couples to is the one that carries the noise, through a Hamilto-

nian (or Schwinger—Keldysh) coupling, so S and x” come from the same correlator.

(S) Stationarity: the bath state is stationary, homogeneous and isotropic in a rest frame, at
scales > 1/k,.



(D) Diési—Penrose noise: S(k,0) = 4nChG/k? for k < k.
(W) Whiteness over the drift band: x"(k,w)/w equals its w — 0 value for |w| < kyvmax, k < k.

(F) Finite positive temperature: Teg(k) = S(k,0)/(2k 0w X" (k,0)) € (0,00) for k < ky; a KMS
state at temperature T has T.g = T.

(P) Passivity: wx”(k,w) > 0 at every k and w. This holds in every KMS state at T > 0; for
other states it is a separate assumption.

(L) Linear response: the bath responds linearly to the body’s density, so the friction is linear
in the velocity for all |v| < vpax.

Theorem 3.1 (Drag). Under (H), (S), (D), (W), (F), (P) and (L), a body moving with velocity

v, |V| < Vmax, relative to the rest frame feels F = —M~yv with
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where Teg is the largest value of Teg(k) for k < k.

Proof. Uniform motion gives py(t) = pre 8Vt so the body drives mode k at w = k - v. By (H),
(S) and (L), (Px) = —x(k, k - v)pk, and the self-force is

d*k
F=-— <I>d3:—/ kx"(k k- 2 1
[ovi@)ds oy X )l (10)
because x’ is even in w and drops out against the odd factor k. The power dissipated in mode k,
(k-v)x"(k, k- v)|pk|?, is non-negative by (P), so restricting the integral to k < k. can only lower
the drag. There, (W) gives x”(k,k - v) = (k - v) 9, X" (k,0); isotropy replaces k;k; by &;;k?/3;
and (F) with (D) gives

S(k,0) 2rChG
= = : (11)
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The factor k? cancels, and Eq. (9) follows. O

d.X" (k,0)

Remark 3.1 (Reading the bound). (i) In classical form v = (47/3)Gpg, /krpr With KFppR =
2kpTer/(Ch): h cancels, and the drag is the noise divided by the temperature. The rate fixes
C; the bound is on Teg/C. (i) Writing the momentum diffusion as Dy, = § [ kik; S(k, 0)|pk|?,
Eq. (9) is the Einstein relation v = D, /(MkgT.g). A Markovian model whose centre-of-mass
momentum relaxes to a Maxwellian at T.g is covered, whether or not a bath is written down,
provided its friction is linear in the velocity up to orbital speeds and its noise satisfies (D),
(W) and (P) at k < k.. (iii) The bound is stated with py, , not with its k. — oo limit [ p?/M:
when the noise resolves single nucleons the latter is dominated by granularity. At k. = 10/R,
Pk, /P = 0.909 for a uniform sphere of mean density p, 1.42 for p oc 1 — 72 and 1.64 for an n = 1
polytrope. The uniform sphere is the conservative case. (iv) Treating a body as rigid with linear
friction requires its centre-of-mass motion not to be thermal in the bath, Mv? > kpTeg, so that
the fluctuating force is negligible against the drag. Many-body versions of dissipative collapse
can differ: collective pair friction in a Fock-space formulation gives a stationary kinetic energy
of order 2kgTg/N at collapse temperature T [18]. Under the stated condition such effects only
lower the centre-of-mass temperature, and the bound tightens.



Lemma 3.2 (Orbital decay). Two bodies with drags 1,72 in a bound orbit lose orbital energy
at the relative rate Uoip = (y1 Mo + y2M1) /(M + M3) > min-y;, and Pb/Pb = —3lp.

Proof. In the centre-of-mass frame vi = (Ms/M)v and vo = —(M;/M)v, so the drag on the
relative velocity is —I'g,,v. The velocity w of the centre of mass relative to the rest frame
enters only as the constant differential acceleration —(v; — v2)w, which does no secular work on
the orbital energy at linear order. With E = —ulov? and Kepler’s law, ¢ = —2T,a for the
semi-major axis, and P, a’/? gives Pb /Py, = =3l o1, independent of the eccentricity to this
order. O

3.2 The double-pulsar bound

PSR J0737—3039A /B has P, = 0.1022515593 d and P, = —1.247920(78) x 10~'2; its orbital
decay agrees with the quadrupole formula to 1.3 x 10~% at 95% confidence [19]. Any additional
decay therefore obeys

Corb < Ymax = 13 x 1074 |Ry| =6.1x10"2 571, (12)

3P,

Both bodies are neutron stars. Model each as a uniform sphere of M = 1.2 M and Rng = 14 km,
light and large and therefore of low density, p = 2.1 x 107 kgm™3. Each star moves about the
centre of mass at 300-325 kms ™!, S0 Umax = 10° kms™! also covers a centre-of-mass velocity of
several hundred kms~! relative to the bath. With k, = 10/Rys, (W) and (L) are needed only
up t0 kyUmax = 714 s71 at kilometre wavelengths.

Corollary 3.3 (Pulsar bound). Every bath obeying the hypotheses of Theorem 5.1 at ks = 10/ Rns
and vmax = 103 kms™!, and reproducing Eq. (1), satisfies

T 27hG (0.909 p)

=33x10% K 1
o ET— 3.3 x 10'0 K, (13)

equivalently kpTeg/C > 2.8 TeV or kppr > 8.6 x 10?7 s71.

The bound is an order-of-magnitude statement. Strong-field corrections (compactness ~ 0.2)
are of order one; a realistic stellar profile raises pr, (Remark 3.1) and strengthens it. A drag
only adds decay, so a one-sided limit from the measured ratio PSW / Pfg\f{ = 0.999963(63) [19] is
about twice as strong; we quote the two-sided value. The two-sided band also excludes an active
bath that pushes bodies: |Teg|/C > 3.3 x 106 K. Free fields at 7' > 0 are not constrained: their
spectral weight sits on |w| = ck, so S(k,0) = 0 and they fail (D). The method, binary-pulsar
timing as a probe of friction from a medium, was used by Pani [20] for dark matter; we found
no prior application to decoherence baths.

3.3 Consequences for known models

Dissipative Diési—Penrose. Bahrami, Smirne and Bassi introduced dissipation into the
DP model to tame its energy increase, and found that it does not reconcile the model with
data unless the cutoff is large [12]. The linear-friction model of Ref. [13] adds friction at
a collapse temperature T3 to the kernel Dj, = 47hG e~ B3k /k%. Tts centre-of-mass damping
I' = h?n/(2MkgTp), with n the k*-weighted DP diffusion [21], is Eq. (9) at C = 1, Teg = Tp.



Corollary 3.3 gives T > 3.3 X 106 K for Ry < Rys. Levitated-mechanics experiments exclude
Ts < 10713 K for Ry < 1 um [22, 21]; the pulsar bound is stronger by 3 x 10%. It excludes the
parameter point Ry = 107 m, T, 3 ~ 3 K (the temperature of the cosmic microwave background)
discussed in Ref. [21] by 10%0. At T > 3 x 10'® K the dissipative model is plain DP for every
laboratory observable, so the X-ray bounds of Section 5 apply to it unchanged.

Classical-channel and classical-quantum gravity. The models of Kafri, Taylor and
Milburn [23] and of Tilloy and Didsi [14] treat the Newtonian field as classical and sourced
by a measurement record. Their dissipative generalizations thermalize to a finite effective
temperature [24] and fall under Theorem 3.1 through the Einstein relation; with Diési—Penrose
noise they require Tog > 3.3 x 1016 C K. Without friction the response of the potential to
the signal is instantaneous and real, x” = 0, and there is no drag. The same holds for the
Newtonian limit of classical-quantum gravity, where the potential is classical and diffusive and
friction terms are possible but not included [25]. In that framework Oppenheim et al. prove a
trade-off between the decoherence of the quantum system and the diffusion it induces in the
classical field: long coherence times require strong diffusion relative to the coupling [26]. It is
the classical-quantum analogue of Remark 3.1(ii). Both relations tie the noise that decoheres
matter to a second, independently measurable coefficient: the trade-off to the diffusion of the
metric, the Einstein relation to the friction on matter through Teg. They constrain different
things and are compatible. A frictionless classical-quantum model sits at Tegr = 0o, where the
drag vanishes; the trade-off then bounds the diffusion of the potential, not a temperature.

Finite-temperature matter and horizons. A system at finite temperature decoheres a
nearby superposition, and the decoherence by a black-hole horizon is reproduced by modelling the
hole as such a system [11]; locally it is carried by very-low-frequency quanta in the laboratory [10].
These quanta are free and on shell, so they fail (D), and horizon decoherence is not in the class
Theorem 3.1 bounds. The theorem applies to a medium that fills space with Diési—Penrose-form
noise at kilometre scales; such a medium drags neutron stars, and the pulsar bound excludes it

unless its temperature exceeds Eq. (13).

3.4 The gap: noise without back-action

Corollary 3.3 leaves open the limit T, — oo at fixed noise. In that limit x” — 0 while S
stays finite, so the drag vanishes. Operationally it is noise without back-action: a classical
potential field acting on matter, whose reduced dynamics is the random-unitary DP master
equation with Hermitian Lindblad operators, which is how Diési wrote the model [2]. For a
bath with a finite-dimensional or type-I algebra the limit is its tracial state; a quantum field
algebra of type III has no tracial state, and only the limit, or a classical noise field, realizes
it. Classical stochastic gravitational fields acting on matter belong to this class [27]. The line
between reciprocal and non-reciprocal noise is therefore not the sharp one; the sharp parameter
is Teg. Non-reciprocal DP is the T.g = 0o end of the dissipative family, and the pulsars allow
only |Tug|/C > 3.3 x 1016 K around it. This end, with every bath above that temperature, is
escape (G1).

It is not the only escape. An ordinary-temperature bath can still hide where its kilometre-scale
behaviour differs from its laboratory-scale behaviour:



(G2) an infrared cut: the kernel departs from 1/k? below some kig > 1/Ryns. The drag then
comes only from the star’s density structure above kig. For a sharp-edged uniform sphere
that fraction is 0.955/(kir Rns), 6.8 x 1077 at kg = 100 m~!; for a real star it depends on
the crust and surface profile, which we have not modelled;

(G3) a slow bath: a correlation time longer than Rxg/(10vmax) = 1.4 ms at kilometre wavelengths
violates (W) and suppresses the drag, while the bath can still be white at laboratory k;

(G4) a scale-dependent temperature: Tog(k) finite at laboratory k but above 3.3 x 106 C K at
k < 10/ Rys;

(G5) active modes: a non-KMS state with wx” < 0 at k > k, violates (P) and can cancel the
drag from k < k.

A bath that co-moves with each body (non-linear entrainment, violating (L) and (S) locally)
also escapes, at the price of having no rest frame.

4 Why the rate cannot come from quantized linearized gravity

or a translation-invariant positive-energy state

The statements in this section are known results or direct consequences of them. We state
them precisely, with their hypotheses, because the drag theorem addresses what they leave open.
Throughout, the source is a static, inertial rigid body with equal branch masses, and it enters as

an external c-number density.

4.1 The field channel at linearized order

In a state that is KMS at inverse temperature 3, the fluctuation—dissipation theorem gives
Sp(w) = hJ(w) coth(Bhw/2), with J the dissipative spectral density of B, so
2 J(w)
= — lim —=: 14
S5(0) = 5 lim = (149)
a floor needs an Ohmic response. The vacuum restricted to a Rindler wedge [28], or for a
conformal field to a causal diamond [29], is KMS for its modular flow; describing the vacuum
in modular time adds no excitations. A free massless field obeys D& = 0, so in a translation-
invariant state its two-point function is supported on w = +c|k|, and weight at w — 0 comes
only from k — 0. For two equal spheres with form factor p(k),

sin kd) kd—0
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(Ap?) = 25(k)(1 - LR, (15)
For the most favourable model, a propagating field normalized so that its reorganization energy

71 [0 Jw™tdw equals Eg (Appendix A),
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which is super-Ohmic. Only a difference of branch energies makes J Ohmic. That is the channel
of the graviton master equations [6, 7, 8], whose rates are first order in G for superpositions



of different energies and vanish for the equal-mass spatial superposition considered here. In
linearized general relativity the static density has no propagating scalar partner: its potential is
fixed by the constraint, an instantaneous real kernel that dissipates nothing, and it fluctuates
only through the matter that sources it, at order G?.

These results agree with direct calculations. In the graviton vacuum, the decoherence
functional of a spatial superposition that is opened and closed again approaches a constant
set by (mv/Mp)? at late times rather than growing linearly [30]. The which-path information
radiated by a superposition is set by the time taken to recombine it, not by the time it is held
apart, N ~ Q?/T4. in Planck units for a mass quadrupole @ [31], and in the inertial Minkowski
vacuum it does not grow with the holding time [9].

Proposition 4.1 (Field channel). In any translation-invariant state of the free linearized field,
including states that are KMS for modular flow, Sp(0) = 0 for a static inertial source with equal

branch masses. The dephasing exponent saturates.

4.2 The clock channel

A clock at x,ps whose rate depends on the branch through gravitational redshift [32], as for
the observer adjoined in the crossed-product construction [33, 34], gives a structureless source
(E = Mc?) a coherence of constant modulus that rotates at

M|, — Pp|(xops)  GM?d

n T h(?—d2/4) (17)

Wrel =

on the axis at distance r from the midpoint; at r = d this is (4/3) GM?/(hd). It shifts the fringes
and leaves their contrast intact. For any number of clocks with Hamiltonians Hj at xj; in any
joint state, the branch-relative evolution is generated by >, Hy A®(xy)/c? with A® = GMp(x),
@ independent of G and M, so

) = (ep(“5 S Hiolx) ) (13)
k

Proposition 4.2 (Clock channel). For redshift-coupled clocks with source-independent statistics,
the branch coherence depends on G, M and t only through GMt. Hence Ry; = R;, whereas
Eq. (1) requires Ry = 4, Ry = 2.

Finite clock-energy variances give F oc G2M?t2, the time-dilation dephasing of interfering
clocks [35, 36]. Cauchy-like energy distributions give F' o« GMt, exponential at intermediate
times but linear in M; for a spectrum bounded below the decay cannot remain exponential at
late times [37]. A factor M? appears only if the probe is a second massive body, the setting of
gravitationally mediated entanglement [38, 39].

4.3 Translation-invariant states with positive energy

The obstruction in Proposition 4.1 does not need linearity, within a Gaussian treatment. Let
the potential ® (local or gravitationally dressed) and the bath state Q satisfy:

(A) Q is invariant under spacetime translations U(a) = e**"%;

(B) the joint spectrum of P* lies in the closed forward cone V;



(C) ®(z) = U(x)®(0)U(x)!, and the connected two-point spectral measure u of ® is locally
finite;
(D) the connected part has no atom at p = 0;
(E) |Ap(k)[? < M?Kk%d?, which holds for a rigid body since |Ap|? = 4/|p|? sin?(k - d/2) and
ol < M.
Proposition 4.3 (Spectrum condition). Under (A)-(E), the symmetrized two-point function of

B has Sp(0) = 0. In a treatment that keeps the bath to second cumulant and the source as an

external c-number, no such bath gives a decoherence rate.

Proof. With P|Q) = 0, (A) and (C), (Q|®(2)®(0)|Q). = [e P du(p) with suppu C Vi by
(B). The zero-frequency noise of B is the density at p° = 0 of |Aj(p)|?du(p) and its mirror
image, Sp(0) = colime_ge ! fogpoga |Ap|? dp, with ¢y a convention-dependent constant. On

the support |p| < /¢, so by (E)

M?2d?

< coli 0<e}) =
55(0) < eolim "0 2 (30 < <) = 0 (19)
by (C), with (D) removing an atom at the origin. O

The content is the spectral support of Wightman functions [40], applied to which-path noise.
(B) is an assumption about the bath state; in asymptotically flat gravity one would justify it
by positivity of the total energy, which we do not derive here. The proposition does not reach
higher cumulants or a quantized source. It covers the modular state of a diamond, because that
state is the vacuum. Within the Gaussian treatment, a white floor therefore needs a state that
breaks (A) or (B), for example one with a rest frame. Relatedly, Didsi identifies a hidden defect
in a proposed Lorentz-invariant GKLS master equation and argues that no such Markovian
equation should exist [41]. The escapes are the broken assumptions:

o (B) fails for every thermal, stationary non-equilibrium or infinite-temperature state: the
generator of time translations in its GNS representation has spectrum R. This is the class
of Section 3. Relativistic collapse models escape the same way: a mediating field at each
spacetime point [42], a scalar field whose energy spectrum takes all real values [43], or
classical noise with a Lorentz-invariant correlation [44], which as a classical field need not

obey (B).

e Killing horizons replace the positive generator of laboratory time by a boost generator
with spectrum R. They decohere at rates set by horizon data that vanish for an inertial
laboratory without a horizon [45, 9, 10, 46].

o (C) fails only for an infrared accumulation of spectral weight at the tip of the cone; for a
static displaced source we expect none, which is argued, not shown.

e (D) fails in the source’s own Gauss-law sector, where boosts are spontaneously broken. We
conjecture that the corrections are of order GM relative to the leading term, G>M? and

higher, but have not shown it.

o Non-unitary dynamics (Penrose-type objective reduction [3]) lies outside the bath frame-

work.



Table 1. Published 95% lower bounds on Ry, converted to C = 1 by Eq. (21). The Gran Sasso,
MAJORANA and XENONnT searches look for spontaneous X- and y-ray emission from germanium or
zenon; the others bound heating or force noise.

Search published Ry (m) Cpup, Roat C =1 (m)
XENONNT, 1-140 keV [17] 4.5 x 10710 1 4.5 x 10710
MAJORANA, 19-100 keV [16, 48] 2.54 x 10710 8 8.7x 10711
Gran Sasso, 1-3.8 MeV [15] 0.54 x 10710 87 1.8 x 10711
Cryostat heat leak, 10 pW /kg [47] 4.6 x 10712 1 4.6 x 10712
Neptune internal heat, 20 pW /kg [47] 3.7 x 10712 1 3.7 x 10712
LISA Pathfinder force noise [49] 4.0 x 10714 1 4.0 x 107
Neutron-star heating [50] 10-13 1/2 1.3 x 10713

5 The survivor and its allowed region

Definition 5.1 (Surviving rate clause). The full mass density of matter, nuclei and electrons,

r? /2R3

convolved with a normalized Gaussian o e™ , sees classical, symmetric, white potential

noise with the correlation (5) and does not act back on it (T,g = 0o). The master equation is

Di6si’s with coefficient C, and I' = CEg/h with Eq evaluated on the smeared density.

There is no friction and no detailed-balance factor, so every bound on DP noise applies directly.
Two parameters remain, C' and Ry. The analysis does not fix C; it is a free parameter of order

one.

Why a density smearing. The smearing must give the momentum diffusion a finite k2

moment. Smearing the full density by e *"%6/2 per factor gives the kernel (47 /k?) e F* RS and,
for any constituent of mass m, nucleus or electron,
d<p2> 9 3k _k2R2 ChG m? P 1 d<p2> CGh
= 4 ChG / 0 = —_—, _— = = s 20
TR | )3 © o /7 R VAR T Wy A

a heating rate per unit mass independent of m. A cutoff of the kernel instead, (1 — e/ Ro) /y
with Fourier transform 47 /[k*(1 + k*R3)], falls only as k=%; for constituents of size ry its k?
moment is 2Ry /ry times the Gaussian one and diverges for point electrons. The same divergence
appears if only nuclei are smeared. We therefore smear the full mass density with a Gaussian,
the form used in the published bounds.

Converting the bounds. Spontaneous radiation and heating are both proportional to C'/R3.
A lower bound Ry, published at normalization Cp,1, becomes

Ry > Rpub (C/Cpub)1/3. (21)

Table 1 lists the bounds at C' = 1. The normalization of each was checked against an independent
statement: Eq. (20) reproduces the heating figures of Ref. [47], and the XENONnT statement
that it improves on MAJORANA by a factor of five [17] holds only for the corrected MAJORANA
value [48] read at C' = 8w, where the ratio is 5.2.

Proposition 5.2 (Allowed region). The surviving rate clause is consistent with the data of
Table 1 if and only if
Ry > 4.5x 10710 m C/3, (22)
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Figure 1. The (C, Ry) plane of the surviving rate clause. Fach line is a published lower bound converted
with Eq. (21); XENONnT (thick) binds at every C, and the grey region is excluded. Nothing bounds Ry
from above. The dashed line marks Didsi’s normalization C = 1. Below the dotted line, Ry < a/10 for a
sphere of radius a = 150 nm, the rate of Section 6 is independent of Ry to better than 3%.

set by XENONnT at every C. No published noise observable bounds Ry from above.

Proof. All bounds scale as Eq. (21), so their order does not depend on C', and XENONNT is the
largest at C' = 1. For the upper side: the kernel e~k R /k? is pointwise non-increasing in Ry, so
every positive functional of the noise, Eq, heating, force noise and emission, is non-increasing in
Rp. A null result for such an observable bounds Ry only from below. O

At the edge of the region the heating is P/M = Gh/[4y/7 (4.5 A)3] = 1.1 x 10717 Wkg™!,
independent of C' and six orders below the cryostat floor. The leading power law Ry 3 is used
down to atomic scales; refined atomic emission rates [51] would move Eq. (22) by the cube
root of the change in rate. Two candidate upper bounds do not apply. Inverse-square-law tests
constrain a smearing of the Newtonian force; here the mean field is that of general relativity and
only the noise is smeared. A requirement that the noise also make macroscopic bodies classical
within a fixed time [52] would cap Rp; the survivor is a decoherence clause, not a solution of the
measurement problem, and we do not impose it. Figure 1 shows the region.

6 The sharp prediction: a measurement of C

Every non-interferometric bound measures C'// R and cannot separate C from the free Ry. An

interferometric rate can, in one regime, once the other decoherence channels are accounted for.

Proposition 6.1 (Saturated rate). For a uniform sphere of mass M, radius a and density p,

with interatomic spacing < Ry < a, in a superposition with separation d > 2a,

P G oM (g - )l -Ou] T = i 1= GEO(F)

The rate does not depend on Ry.
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Figure 2. Decoherence time 7 = h/(CEg) at C = 1 against sphere radius, for silica and for p =
5000 kgm=2, at d > a (solid) and d = 2a (dashed), in the saturated regime Ry < a where it does not
depend on Ry. The horizontal line is a free-evolution time of 100 s. The time scales as 1/C.

Proof. Equation (6) gives the unsmeared energy (Appendix A). Smearing multiplies the kernel by
e MR =1 - k2R2+ ..., and the k2R2 term turns 47 /k? into the contact term —4wR253(x —y).
For a uniform ball [ p?d3x = 3M?/(4mwa?), so the self term (G/2) -2 - (6/5)M?/a changes by
—G - 3M?R32/a?, a relative change —(5/2)(Ro/a)?. The cross term between disjoint balls is
unchanged up to terms exponentially small in (d — 2a)/Ro. With a = (3M /47p)'/3 the limit
d — oo gives [gat. O

Physical content. Once the spheres no longer overlap, the rate is set by the self-energy of each
branch’s density, gGM 2 /a, minus the cross term GM?/d; the distance enters only through
that cross term. The separation dependence is Eg(d)/Eg(o0) = 1 — 5a/6d: 0.583 at d = 2a,
within 10% of saturation only for d > 8.33a. Below d = 2a the overlapping-sphere formula
of Appendix A applies and tends to GM?d?/(2a%). In the allowed region (22) Ry exceeds the
interatomic spacing of about 2.5 A for C' > 0.17, so the continuum density applies; granularity
then adds a relative correction of order ma/(M Ry), with m the mean nuclear mass, which is
below 107! for the benchmark below.

Benchmarks. For 1 ug of silica (p = 2200 kgm™3, a = 47.7 ym) at d = 1 mm, Eg =
24.2 GM?/d and

h 65.4 ps
CEq  C
rising to 108 ps/C at d = 2a and falling to 62.8 ps/C as d — oo. The smearing correction
is (5/2)(Ro/a)? = 2 x 1070 at Ry = 4.5 A. A space platform of the MAQRO class [53, 54],
with free evolution of order 100 s, reaches the saturated regime: a sphere of ¢ = 150 nm and
p = 5000 kgm™3 has 7 = 39.5 s/C for d > a and 67.8 s/C at d = 2a. A silica sphere needs
a>173nm O~ Y5 for T x 100 s > 1 at d > a. Figure 2 shows the rate against radius.

T =

(24)
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What a measurement determines. In the saturated regime C' = hl'gav/Eq, with Eg
known from M, a and d, where I'gr,, is the measured visibility decay rate after the known
decoherence channels (residual-gas collisions, black-body emission, scattering and absorption,
trap and recoil noise) have been subtracted. With those subtracted, one measurement determines
C. A rate below the prediction means either a smaller C' or Ry 2 a; the two are separated by
the radius dependence, I' & a®p? at fixed C in the saturated regime against a suppression once
Ry approaches a. Distinguishing two values of C' needs I'gray to the fractional precision of their
difference. A residual rate of second order in (G, or none, excludes the survivor at the tested
(C, Ro).

7 Discussion

7.1 What remains open

e The survivor (Definition 5.1): noise without back-action, or a bath at |T,g|/C > 3.3x 1016 K
(escape G1). Neither quantized linearized gravity, nor a translation-invariant positive-
energy state in a Gaussian treatment, nor a finite-temperature bath obeying the hypotheses
of Theorem 3.1 at kilometre scales supplies it.

o Baths that differ at kilometre scales (G2-G5): an infrared cut of the kernel, a correlation
time longer than 1.4 ms, a temperature that rises toward long wavelengths, or active modes
above k.. The infrared cut is bounded only through the high-k structure of neutron stars,
which we have not modelled; closing these escapes needs that structure, or bodies resolved
at other scales.

o Horizons: real rates set by horizon data [45, 9, 10, 46], absent for an inertial laboratory
without a horizon.

e Beyond the Gaussian treatment: higher cumulants, a quantized source, non-tempered
infrared sectors and the Gauss-law sector of the source (Section 4) are not excluded by
any argument here.

o Objective reduction in Penrose’s sense [3]: outside the bath framework.

Corollary 3.3 rests on a uniform-sphere neutron-star model and on treating the star as a rigid
body with linear friction up to 103 kms™!; both are conservative within the condition of
Remark 3.1(iv), and strong-field corrections are of order one. We have found no earlier bound on
decoherence-bath friction from orbital decay, but searched only arXiv and the general literature.

7.2 Consequences

1. Dissipative Diési-Penrose models need T > 3.3 X 10'6 K, a bound 3 x 10* above the
laboratory one; at such temperatures they coincide with the non-dissipative model.

2. A rate of first order in G observed for an isolated, inertial, equal-mass spatial superposition
would not confirm a derivation from quantized gravity or from a thermal medium. By
Corollary 3.3 and Section 4 it would signal noise without back-action, one of the escapes
G2-G5, a horizon, physics beyond the Gaussian treatment (higher cumulants, a quantized

source, non-tempered infrared or Gauss-law sectors), or non-unitary reduction.
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3. In the saturated regime of Proposition 6.1, once the other decoherence channels are
subtracted, one visibility measurement gives C' = hl'giav/Eq. For 1 pg of silica the
prediction is 7 = 65 ps/C; a MAQRO-class platform with 100 s of free evolution reaches
the regime with spheres of 150-175 nm radius.

4. Radiation and heating searches can raise the floor (22) on Ry but cannot exclude the

survivor, since no noise observable bounds Ry from above.

7.3 Emergent-gravity programmes

Programmes in which the Einstein equation is an equilibrium condition of diamond entan-
glement [55, 56], such as the quantum-geometric correspondence that motivated this work,
sometimes look to the coarse-grained geometry for a decoherence mechanism. The results above
constrain that hope. If the geometry is described by the vacuum, Proposition 4.3 gives no
Gaussian white floor; if it is described as a medium at finite temperature, the medium drags
and Corollary 3.3 requires Tog/C > 3.3 x 1016 K. A rate linear in G in such a programme is
therefore an additional postulate of the Didsi type, with C not fixed, unless the medium uses
one of the escapes G2-G5.

A The energy E¢ of two uniform spheres
With [ d®k (2m) 3 Ak~ 2f(k) = (2/7) J5° dk (f) for any angle average (f), Eq. (1) reads

Bo=C /oo dk {|Apk|?), (25)
™ Jo
with the angle average (15) and the form factor of a uniform sphere, p(k) = 3M (sinka —
kacoska)/(ka)®. The spectral density (16) has reorganization energy 7! [§°Jw ™ ldw equal
to (25), which fixes its normalization; its small-w expansion gives the w? law. In position space,
with [ pp|x — y|™' = (6/5)M?/a for each ball (twice the self-energy 2GM?/a divided by G)
and [[ prpr|x —y|™' = M?/d for disjoint balls (Newton’s shell theorem),

Gr. 6M?* 2M?
EG:iP. o5a _T}

- _ GM2<£ _ l) (d > 2a). (26)

For overlapping balls, s = d/a < 2, the cross term follows from the overlap integral of two
uniform balls, and

M2 2 3 5 s M2 2
_G (i_3i S) 0, G d' (27)

En = 2

“ 2~ 16 160 243
Both branches agree at s = 2, where Eq = 0.7 GM?/a. Quadrature of (25) reproduces both
forms to better than one part in 10® at s = 0.3, 1.2, 3 and 10.

a

References

[1] L. Diési, A universal master equation for the gravitational violation of quantum mechanics,
Phys. Lett. A 120, 377 (1987). doi:10.1016/0375-9601(87)90681-5

14


https://doi.org/10.1016/0375-9601(87)90681-5

2]

[11]

[12]

[17]

L. Diési, Models for universal reduction of macroscopic quantum fluctuations, Phys. Rev. A
40, 1165 (1989). doi:10.1103/PhysRevA.40.1165

R. Penrose, On gravity’s role in quantum state reduction, Gen. Relat. Gravit. 28, 581 (1996).
doi:10.1007/BF02105068

A. Bassi, A. Groflardt, and H. Ulbricht, Gravitational decoherence, Class. Quantum Grav.
34, 193002 (2017). doi:10.1088/1361-6382 /aal864f

C. Anastopoulos and B. L. Hu, Gravitational decoherence: A thematic overview, AVS
Quantum Sci. 4, 015602 (2022). doi:10.1116/5.0077536

C. Anastopoulos and B. L. Hu, A Master Equation for Gravitational Decoherence, Class.
Quantum Grav. 30, 165007 (2013). doi:10.1088/0264-9381/30/16/165007

M. Blencowe, Effective Field Theory Approach to Gravitationally Induced Decoherence, Phys.
Rev. Lett. 111, 021302 (2013). doi:10.1103/PhysRevLett.111.021302

T. Oniga and C. H.-T. Wang, Quantum gravitational decoherence of light and matter, Phys.
Rev. D 93, 044027 (2016). doi:10.1103/PhysRevD.93.044027

D. L. Danielson, G. Satishchandran, and R. M. Wald, Killing horizons decohere quantum
superpositions, Phys. Rev. D 108, 025007 (2023). doi:10.1103/PhysRevD.108.025007

D. L. Danielson, G. Satishchandran, and R. M. Wald, Local description of decoherence of
quantum superpositions by black holes and other bodies, Phys. Rev. D 111, 025014 (2025).
doi:10.1103 /PhysRevD.111.025014

A. Biggs and J. Maldacena, Comparing the decoherence effects due to black holes versus
ordinary matter, arXiv:2405.02227 (2024). arXiv:2405.02227

M. Bahrami, A. Smirne, and A. Bassi, Role of gravity in the collapse of a wave
function: A probe into the Dicsi-Penrose model, Phys. Rev. A 90, 062105 (2014).
doi:10.1103 /PhysRevA.90.062105

G. Di Bartolomeo, M. Carlesso, K. Piscicchia, C. Curceanu, M. Derakhshani, and L. Didsi,
Linear-friction many-body equation for dissipative spontaneous wave-function collapse, Phys.

Rev. A 108, 012202 (2023). doi:10.1103/PhysRevA.108.012202

A. Tilloy and L. Didsi, Sourcing semiclassical gravity from spontaneously localized quantum
matter, Phys. Rev. D 93, 024026 (2016). doi:10.1103/PhysRevD.93.024026

S. Donadi et al., “Underground test of gravity-related wave function collapse,” Nature Phys.
17, 74 (2021). doi:10.1038/s41567-020-1008-4.

I. J. Arnquist et al., Search for Spontaneous Radiation from Wave Function
Collapse in the Majorana Demonstrator, Phys. Rev. Lett. 129, 080401 (2022).
doi:10.1103 /PhysRevLett.129.080401

E. Aprile et al., Challenging Spontaneous Quantum Collapse with the XENONnT Dark Mat-
ter Detector, Phys. Rev. Lett. 136, 120201 (2026). doi:10.1103/2jm3-4976; arXiv:2506.05507

15


https://doi.org/10.1103/PhysRevA.40.1165
https://doi.org/10.1007/BF02105068
https://doi.org/10.1088/1361-6382/aa864f
https://doi.org/10.1116/5.0077536
https://doi.org/10.1088/0264-9381/30/16/165007
https://doi.org/10.1103/PhysRevLett.111.021302
https://doi.org/10.1103/PhysRevD.93.044027
https://doi.org/10.1103/PhysRevD.108.025007
https://doi.org/10.1103/PhysRevD.111.025014
https://arxiv.org/abs/2405.02227
https://doi.org/10.1103/PhysRevA.90.062105
https://doi.org/10.1103/PhysRevA.108.012202
https://doi.org/10.1103/PhysRevD.93.024026
https://doi.org/10.1038/s41567-020-1008-4
https://doi.org/10.1103/PhysRevLett.129.080401
https://doi.org/10.1103/2jm3-4976
https://arxiv.org/abs/2506.05507

[18]

[19]

[22]

[24]

[25]

[26]

[32]

Y. M. P. Gomes, Wave-functional formulation of dissipative CSL models, arXiv:2607.24853
(2026). arXiv:2607.24853

M. Kramer, I. H. Stairs, R. N. Manchester, N. Wex, A. T. Deller, W. A. Coles, M. Ali,
M. Burgay, et al., Strong-Field Gravity Tests with the Double Pulsar, Phys. Rev. X 11,
041050 (2021). doi:10.1103 /PhysRevX.11.041050

P. Pani, Binary pulsars as dark-matter probes, Phys. Rev. D 92, 123530 (2015).
d0i:10.1103/PhysRevD.92.123530

G. Di Bartolomeo and M. Carlesso, Ezxperimental bounds on linear-friction dissipative col-
lapse models from levitated optomechanics, New J. Phys. 26, 043006 (2024). doi:10.1088/1367-
2630/ad3842

A. Vinante, G. Gasbarri, C. Timberlake, M. Toros, and H. Ulbricht, Testing dissipative
collapse models with a levitated micromagnet, Phys. Rev. Research 2, 043229 (2020).
doi:10.1103 /PhysRevResearch.2.043229

D. Kafri, J. M. Taylor, and G. J. Milburn, A classical channel model for gravitational
decoherence, New J. Phys. 16, 065020 (2014). doi:10.1088/1367-2630/16/6 /065020

G. Di Bartolomeo, M. Carlesso, and A. Bassi, Gravity as a classical channel and its dissipative
generalization, Phys. Rev. D 104, 104027 (2021). doi:10.1103/PhysRevD.104.104027

I. Layton, J. Oppenheim, A. Russo, and Z. Weller-Davies, The weak field limit of quantum
matter back-reacting on classical spacetime, J. High Energy Phys. 2023(08), 163 (2023).
doi:10.1007/JHEP08(2023)163

J. Oppenheim, C. Sparaciari, B. Soda, and Z. Weller-Davies, Gravitationally induced
decoherence vs space-time diffusion: testing the quantum nature of gravity, Nat. Commun.
14, 7910 (2023). doi:10.1038/s41467-023-43348-2

L. Asprea, G. Gasbarri, and A. Bassi, Gravitational decoherence: A general nonrelativistic
model, Phys. Rev. D 103, 104041 (2021). doi:10.1103 /PhysRevD.103.104041

J. J. Bisognano and E. H. Wichmann, On the duality condition for a Hermitian scalar field,
J. Math. Phys. 16, 985 (1975). doi:10.1063/1.522605

H. Casini, M. Huerta, and R. C. Myers, Towards a derivation of holographic entanglement
entropy, J. High Energy Phys. 05 (2011) 036. doi:10.1007/JHEP05(2011)036

S. Kanno, J. Soda, and J. Tokuda, Noise and decoherence induced by gravitons, Phys. Rev.
D 103, 044017 (2021). doi:10.1103/PhysRevD.103.044017

D. L. Danielson, G. Satishchandran, and R. M. Wald, Gravitationally mediated en-
tanglement: Newtonian field versus gravitons, Phys. Rev. D 105, 086001 (2022).
d0i:10.1103/PhysRevD.105.086001

D. N. Page and W. K. Wootters, “Evolution without evolution: dynamics described by
stationary observables,” Phys. Rev. D 27, 2885 (1983). doi:10.1103/PhysRevD.27.2885.

16


https://arxiv.org/abs/2607.24853
https://doi.org/10.1103/PhysRevX.11.041050
https://doi.org/10.1103/PhysRevD.92.123530
https://doi.org/10.1088/1367-2630/ad3842
https://doi.org/10.1088/1367-2630/ad3842
https://doi.org/10.1103/PhysRevResearch.2.043229
https://doi.org/10.1088/1367-2630/16/6/065020
https://doi.org/10.1103/PhysRevD.104.104027
https://doi.org/10.1007/JHEP08(2023)163
https://doi.org/10.1038/s41467-023-43348-2
https://doi.org/10.1103/PhysRevD.103.104041
https://doi.org/10.1063/1.522605
https://doi.org/10.1007/JHEP05(2011)036
https://doi.org/10.1103/PhysRevD.103.044017
https://doi.org/10.1103/PhysRevD.105.086001
https://doi.org/10.1103/PhysRevD.27.2885

[33]

[34]

[40]

[41]

[42]

[46]

[47]

V. Chandrasekaran, R. Longo, G. Penington, and E. Witten, An algebra of observables for
de Sitter space, J. High Energy Phys. 2023, 082 (2023). doi:10.1007/JHEP02(2023)082

E. Witten, Gravity and the crossed product, J. High Energy Phys. 2022(10), 008 (2022).
doi:10.1007/JHEP10(2022)008

M. Zych, F. Costa, I. Pikovski, and C. Brukner, Quantum interferometric visibil-
ity as a witness of general relativistic proper time, Nat. Commun. 2, 505 (2011).
d0i:10.1038 /ncomms1498

I. Pikovski, M. Zych, F. Costa, and C. Brukner, Universal decoherence due to gravitational
time dilation, Nature Phys. 11, 668 (2015). doi:10.1038 /nphys3366

L. Fonda, G. C. Ghirardi, and A. Rimini, Decay theory of unstable quantum systems, Rep.
Prog. Phys. 41, 587 (1978). doi:10.1088/0034-4885/41/4/003

S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht, M. Toros, M. Paternostro, A. A. Geraci,
P. F. Barker, M. S. Kim, and G. Milburn, Spin Entanglement Witness for Quantum Gravity,
Phys. Rev. Lett. 119, 240401 (2017). doi:10.1103/PhysRevLett.119.240401

C. Marletto and V. Vedral, Gravitationally Induced Entanglement between Two Massive
Particles is Sufficient Evidence of Quantum Effects in Gravity, Phys. Rev. Lett. 119, 240402
(2017). doi:10.1103/PhysRevLett.119.240402

R. Haag, Local Quantum Physics: Fields, Particles, Algebras, 2nd ed., Springer, Berlin
(1996). doi:10.1007/978-3-642-61458-3

L. Dié6si, Is there a relativistic Gorini-Kossakowski-Lindblad-Sudarshan master equation?,
Phys. Rev. D 106, 1051901 (2022). doi:10.1103 /PhysRevD.106.1.051901

D. J. Bedingham, Relativistic state reduction dynamics, Found. Phys. 41, 686 (2011).
doi:10.1007/s10701-010-9510-7

P. Pearle, Relativistic dynamical collapse model, Phys. Rev. D 91, 105012 (2015).
d0i:10.1103/PhysRevD.91.105012

A. Gundhi, L. Dio6si, and M. Carlesso, Toward relativistic generalization of collapse models,
Phys. Rev. A 114, 012203 (2026). doi:10.1103/g7xn-bwfs

D. L. Danielson, G. Satishchandran, and R. M. Wald, Black holes decohere quantum
superpositions, Int. J. Mod. Phys. D 31, 2241003 (2022). doi:10.1142/50218271822410036

J. Wilson-Gerow, A. Dugad, and Y. Chen, Decoherence by warm horizons, arXiv:2405.00804
(2024). arXiv:2405.00804

A. Vinante and H. Ulbricht, Gravity-related collapse of the wave function and sponta-
neous heating: Revisiting the experimental bounds, AVS Quantum Sci. 3, 045602 (2021).
doi:10.1116/5.0073450

I. J. Arnquist et al., Erratum: Search for Spontaneous Radiation from Wave Function
Collapse in the Majorana Demonstrator [Phys. Rev. Lett. 129, 080401 (2022)], Phys. Rev.
Lett. 130, 239902 (2023). doi:10.1103/PhysRevLett.130.239902

17


https://doi.org/10.1007/JHEP02(2023)082
https://doi.org/10.1007/JHEP10(2022)008
https://doi.org/10.1038/ncomms1498
https://doi.org/10.1038/nphys3366
https://doi.org/10.1088/0034-4885/41/4/003
https://doi.org/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1007/978-3-642-61458-3
https://doi.org/10.1103/PhysRevD.106.L051901
https://doi.org/10.1007/s10701-010-9510-7
https://doi.org/10.1103/PhysRevD.91.105012
https://doi.org/10.1103/g7xn-bwfs
https://doi.org/10.1142/S0218271822410036
https://arxiv.org/abs/2405.00804
https://doi.org/10.1116/5.0073450
https://doi.org/10.1103/PhysRevLett.130.239902

[49]

[50]

[51]

[53]

B. Helou, B. J. J. Slagmolen, D. E. McClelland, and Y. Chen, LISA
pathfinder appreciably constrains collapse models, Phys. Rev. D 95, 084054 (2017).
do0i:10.1103/PhysRevD.95.084054

A. Tilloy and T. M. Stace, Neutron Star Heating Constraints on Wave-Function Collapse
Models, Phys. Rev. Lett. 123, 080402 (2019). doi:10.1103/PhysRevLett.123.080402

S. Manti, N. Bortolotti, L. Diési, K. Piscicchia, and C. Curceanu, Atomic correlation effects
in collapse-induced spontaneous radiation, arXiv:2608.07205 (2026). arXiv:2608.07205

L. Figurato, M. Dirindin, J. L. Gaona-Reyes, M. Carlesso, A. Bassi, and S. Donadi, On the
effectiveness of the collapse in the Didsi—Penrose model, New J. Phys. 26, 113004 (2024).
doi:10.1088/1367-2630/ad8c77

R. Kaltenbaek, M. Aspelmeyer, P. F. Barker, A. Bassi, J. Bateman, K. Bongs, S. Bose, et
al., Macroscopic Quantum Resonators (MAQRQO): 2015 update, EPJ Quantum Technol. 3,
5 (2016). doi:10.1140/epjqt/s40507-016-0043-7

R. Kaltenbaek, Feasibility considerations for free-fall tests of gravitational decoherence, AVS
Quantum Sci. 4, 015604 (2022). doi:10.1116/5.0077400

T. Jacobson, Thermodynamics of spacetime: the Einstein equation of state, Phys. Rev. Lett.
75, 1260 (1995). doi:10.1103/PhysRevLett.75.1260

T. Jacobson, Entanglement equilibrium and the Einstein equation, Phys. Rev. Lett. 116,
201101 (2016). doi:10.1103/PhysRevLett.116.201101

18


https://doi.org/10.1103/PhysRevD.95.084054
https://doi.org/10.1103/PhysRevLett.123.080402
https://arxiv.org/abs/2608.07205
https://doi.org/10.1088/1367-2630/ad8c77
https://doi.org/10.1140/epjqt/s40507-016-0043-7
https://doi.org/10.1116/5.0077400
https://doi.org/10.1103/PhysRevLett.75.1260
https://doi.org/10.1103/PhysRevLett.116.201101

	Introduction
	Setting, the rate from noise, and the scaling test
	The drag theorem and the double-pulsar bound
	The drag theorem
	The double-pulsar bound
	Consequences for known models
	The gap: noise without back-action

	Why the rate cannot come from quantized linearized gravity or a translation-invariant positive-energy state
	The field channel at linearized order
	The clock channel
	Translation-invariant states with positive energy

	The survivor and its allowed region
	The sharp prediction: a measurement of C
	Discussion
	What remains open
	Consequences
	Emergent-gravity programmes

	The energy E_G of two uniform spheres

