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Abstract. Effects of the quantum gravity under Minkowski space-time background
are considered. It is shown that despite the absence of the complete theory of
quantum gravity, some concrete predictions could be made for the influence of the
quantum gravitational fluctuations on the propagation of the massive particles. We
demonstrate that although the gravitational potential fluctuations do not produce
particle scattering, they cause decoherence of the matter waves due to off-shell effects.
For point-like massive particles of the Planck mass order, the effect is considerable.
However, this type of decoherence is beyond the measurable possibility for the real
particles of the finite size.

1. Introduction

It is widely stated that the complete theory of quantum gravity (QG) is not built
yet. Indeed, it is true. At the same time, it is usually implied that the quantum
gravitational fluctuations of space-time should be small. However, within the theory
of general relativity (GR), one could hardly state that the quantum gravitational
fluctuations are small because the coordinates’ transformation to the reference frame
where an observer has a highly oscillating position would result in substantial quantum
gravitational fluctuations. Moreover, a number of real particles will be created from a
vacuum in such a reference frame [1].

The situation changes cardinally when some preferred system of reference exists.
For instance, the cosmic microwave background (CMB) defines the reference frame where
CMB dipole anisotropy is absent [2]. That suggests considering all the phenomena in
this particular frame. However, the CMB alone is not sufficient for determining the
reference frame uniquely.

Another landmark is the vacuum energy problem insisting and specifying a class of
permitted metrics [3-5]. As shown, a conformally-unimodular gauge [3] allows extending
the GR to some theory admitting a Hamiltonian constraint satisfied up to some constant
[3]. That explains why the main part of vacuum energy pyuc ~ M; does not contribute
to gravity [5], i.e., does not lead to the very fast universe expansion.



Wave optics of quantum gravity for massive particles 2

Observation of the QG effects in table-top, the accelerator experiments or
astrophysics is a dream of the several physicist generations [6-13]. Here we will consider
the simplest vacuum model as a medium with the stochastic gravitational potential [14]
and consider propagating the massive particles through it.

2. From GR to the gauge violating theory of gravity

In GR, any spatially uniform energy density (including that of zero-point fluctuations of
the quantum fields) causes the expansion of the universe. Using the Planck level of the
ultra-violet (UV) cutoff of momentum results in the Planckian vacuum energy density
Puac ™~ M;} [15], which must lead to the universe expansion with the Planckian rate [16].
In this sense, because such a fast expansion is not experimentally visible, the vacuum
energy problem is an observational fact [5]. One of the obvious solutions is to build
a theory of gravity, allowing an arbitrarily reference level of energy density. One such
theory has long been known. That is the unimodular gravity [17-21], which admits an
arbitrary cosmological constant. However, under using the UV comoving momentums
cutoff, the vacuum energy density scales with time as radiation [5,22], but not as the
cosmological constant.

Another theory [3] could also lead to Friedmann’s equation defined up to some
arbitrary constant, but this constant corresponds to the invisible radiation and can
compensate the vacuum energy. This five-vector theory of gravity (FVT) [3] assumes
the gauge invariance violation of GR by constraining the class of all possible metrics
in varying the standard Einstein-Hilbert action. One has to vary not over all possible
space-time metrics g,,,, but over some class of conformally-unimodular metrics

ds* = g, datde” = a® (1 — 8, P™)* dn? — i;(da’ + N'dn)(dz’ + N’dn), (1)
where z# = {n,x}, n is a conformal time, 7,; is a spatial metric, a = /6 is a locally
defined scale factor, and v = det v;;. The spatial part of the interval (1) reads as

di* = v;dx'dr’ = a®(n, x)7da'da? (2)
where 7;; = 7;;/a* is a matrix with the unit determinant.

The interval (1) is similar formally to the ADM one [23], but with the lapse function
defined as N = a(1 — 9,,P™), where P™ is a three-dimensional vector, and 0, is a
conventional partial derivative. Finally, restrictions 0,(0,,N™) = 0 and 0,(0,,P™) =0
arise on the Lagrange multipliers IN and P in FVT. The Hamiltonian H and momentum

P; constraints in the particular gauge P* = 0, N = 0 obey the constraint evolution
equation [3]:

0,1 =0 (7 P;), (3)
1
0yP; = S0, (4)

which admits adding of some constant to H. Thus, the constraint H is not necessarily
to be zero, but H = const is also allowed.
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3. Perturbations under Minkowski background

Here we will consider an empty space-time filled only by vacuum and taking into account
its quantum properties. The well-known solution for an empty universe was found by
Milne [24]. Although Milne himself does not use GR, from the point of GR his universe
represents closed empty universe expanding linearly in cosmic time. Consideration of
the mean vacuum energy density and pressure in the framework of FVT gives a a flat
universe, which has a Milne’s-like expansion stage [4, 25, 26] changed by the accelerated
expansion.

Below, the scalar perturbations of the metric will be considered, which look in the
conformally-unimodular frame as [28]

ds* = a(n, x)? <dn2 — <<1 + % Z 8T2HF(77,58)> di; — 0:0;F (n, w)) da:idxj> , (5)

where the perturbations of the locally defined scale factor

a(n,z) = e (1 + & (1, x)), (6)
are expressed through a gravitational potential ®. A stress-energy tensor could be
written in the hydrodynamic approximation [2]

T;w = (p + p)uuuu —PGuv- (7)
The perturbations of the energy density p(n,x) = p, + dp(n, ) and pressure p(n, x) =
v+ 0p(n, ) will be considered around the vacuum mean values, where the index v will
denote an uniform component of the vacuum energy density and pressure.

The zero-order equations for a flat universe take the form [4, 25, 26]

1
M, ?e* p, — 5620‘0/2 = const, (8)
Oé” + 0/2 — Mp_2€2a<Py _ 3]%), (9)

where a(n) = loga(n). Here and everywhere further, the system of units A =c =1 is

used as well as the reduced Planck mass M, = /72 is implied. According to FVT [3],

the first Friedmann equation (8) is satisfied up to some constant, and the main parts of
the vacuum energy density and pressure

kﬁnax
Po = (Nposon — Nferm)ma (10)
1
by = gpv (11)

do not contribute to the universe expansion. In the formula (10), the UV cut-off and
the number of bosonic and fermionic degrees of freedom of the quantum fields appear
because the zero-point stress-energy tensor is an additive quantity [22]. Here, we do
not consider the supersymmetry hypotheses [27] due to the absence of evidence of the
supersymmetric particles to date.

Other contributors to the vacuum energy density are the terms depending on
the derivatives of the universe expansion rate [4,26]. They have the right order of
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Pu ~ MI?H 2 where H is the Hubble constant, and allow explaining the accelerated
expansion of the universe. Then, the energy density and pressure are [4, 26]:

o M2(2+ Ny)S 1
pu= 5 M2+ NS, by = ( aS = <2al2 ga”a) "

where, Sy = ';X;Q Egs. (12) include the number of minimally coupled scalar fields Ny,
plus two, because the gravitational waves give two additional degrees of freedom [26],
whereas massless fermions and photons do not contribute to (12) [26].

The residual vacuum energy density and pressure (12) lead to the accelerated

universe expansion, which allows finding a momentum UV cut off
kmaz & _12M, :
max \/r]\]-sc
from the experimental value of the universe decceleration parameter [4, 5, 26].
In this paper, we are interested in the local properties of a vacuum. Without

(13)

including a real matter, if the constant in Eq. (8) compensates vacuum energy (10)
exactly, one comes to the static Minkowski space-time. Further, we will consider the
perturbations [28] under this background and set a(n) = 0 in (6).

Generally, a vacuum can be considered as some fluid, i.e., “ether” [4], but with
some stochastic properties among the elastic ones. Let us return to the stress-energy
tensor (7) and introduce other variables

p(n,2) = a'(n,2)p(n, ), (14)
I(n,z) = a*(n,2)p(n, ) (15)
for the reasons which will be explained below. The perturbations around the uniform

values can be written now as p(n,x) = p, + dp(n,x), (n,x) = p, + §ll(n, ). The
vacuum-ether 4-velocity wu is represented in the form of

(11— B 2 v(n, z) ~ (1 B ). 2 Z)
- {(1 ‘I’(% ))’Vp(n,w) 4 H(n,w)} {(1 ‘I’(% ))7va +pv}7 (16)

where v(n, ) is a scalar function. Expanding all perturbations into the Fourier series
Sp(n,x) = >, 0pr(n)e™®... etc. results in the equations for the perturbations:

. 18
—6D), + k2Fk + W”k =0, (17)
. . 18 .
p
—120, — 3 + k2 F, = 0, (19)
. 5 - 9 a
—9@2 — 9]€2<I)k; + K Ey — 2 (35Hk - 5@k¢> =0, (20)
p
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It is remarkable that the choice of the variables (14), (15), (16) means that the values p,
and p, do not appear in the system (17)-(22). The second point is that the continuity
and the Newton second law equations (21), (22) do not contain metric perturbation.
From now we will begin to consider the perturbation in Egs. (17)-(22) as operators by
writing a “hat” under every quantity. Here, we do not suppose the strong nonlinearity
[29] and assume a smallness of the quantum fluctuations of space-time in this particular
conformally unimodular metric. Let us emphasize that the system (17)-(22) for a
perturbation evolution is exact in the first order on perturbations. However, it is
not closed. To obtain a closed system, one needs, for instance, to specify the sound
speed for a perturbation of pressure. Still, alternatively, as an approximation, we
could strictly calculate pressure and energy density by using the field theory under
unperturbed Minkowski space-time. Expressing Fj, from Eq. (18) and substituting it
into Eq. (20) leads to

by, + %k%k + Mig (35ﬂk + 6@) = 0. (23)
Although, generally, a gravity causing an arbitrary curved space-time background does
not allow a well-defined and covariant vacuum state [1], we will approximately consider
an operator 3011, + 0¢r by using the creation and annihilation operators under the
Minkowski space-time background. Such an approximation allows closing the system
(17)-(22). Nevertheless, let us point out the difference between the quantum field theory
(QFT) and QG. As is shown in Fig.1, a test particle moves straightforwardly in QFT.
In a framework of the QG [30], the particle has to undergo interaction with ether.

3.1. Quantum fields as a source for energy density and pressure perturbations

Let us consider a single scalar field as an example of a quantum field. Energy density
and pressure of the scalar field in the pure Minkowski space-time (without metric
perturbation) have the form [22]

~12 ~\2
A 97 (V9)
p(n, ) == 6 (24)
. ~I2 Vo 2
sz = 2+ VL (25)

All the quantities may be expanded into the Fourier series p(n,x) = >, o(n)e®,

Pnw) = Ypi(n)e®, whete py(n) = [ p(n,z)e*edz, etc. For k # 0, the
approximate identifying 611 = pg and dQr = pi results in

- 1oy, 1 -
O =Y 508 Ggun = 5(a + k) 05 dgun. (26)
q
. 1., 1 .
0Pk =) §¢;/¢;+k +5la+k)g Oq Pa-ks (27)
q

so that the quantity 3611, + 6@ from Eq. (23) is reduced to
3011 + 0Pk =2 o' Py (28)
q
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Figure 1. Illustration of vacuum influence to the particle propagation a) in the QFT,
where the vacuum loops renormalize mass and charge of a particle, but do not prevent
its free motion b) and in the QG, where the space is filled by ether due to the absence
of a vacuum state.

Writing quantized field explicitly with creation and annihilation operators [1]

A 1

allows obtaining from the Egs. (28) and (29)
3 (5ﬂk + 0k = Z \/W(é—qéfq,kei(w‘q%‘_wq)n + é:;équkei(wq_w'ﬁk‘)n
q

(8T, e + dpe ™M) | (29)

o A —i(w +w Atat i(w +w
— a_qAgike (Wigrk|TwWe)n _ aq ar —ke( lg+k| q)77>’ (30)

where for a massless scalar field wg = |k|. As is seen from Eq. (30), the perturbations
have the general form:

3010y + Oy = Z Progee Ik, (31)

where the frequencies €,,,,, take the values of wy — wigik|, —Wq + Wigtk|, Wy + W]g+k| and
—wWg — Wig+k|- That allows finding the solution of Eq. (23) as

~ 1 ﬁmkeiﬂmkn

) R [ — 32

Using Egs. (30) and (32), the final expression for the metric perturbation @k(n)
acquires the form

o 1 1 )
() = — (A_ A —i(W| g k| TwWq)N
=3 2 VTR (G a7 (s
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) 1 )
At st Z(w\q+k|+wq)77> _ ( At oi@lgik—wen
ara e a_ga e
q ‘—q—k (w|q+k| _ wq)2 _ k:2/3 9°—q—k +
;; +kez(wq—wq+k|)77>) ) (33)

The most interesting parameter is a correlator:

< 0|(i)<7]7 w)(i)(T7 CU/)|0 >= X(T -, ’CU - $/|), X(T - 777‘7:) = Z S(T - k‘)eik’wv (34)
k

which determines fluctuations of the gravitational potential Cﬁ(n, T) in a vacuum state

defined for the creation and annihilation operators. An explicit formula for S(n — 7, k)

looks as

S( =, k) =< 0|®) () r(7)[0 >= : (35)

]_8 / ei(‘r*n)(wq+wq4rk)wqwk+qd3q
(2m)3 M} (k? — 3(wq + wk+q)2)2

where the summation over g has been changed by the integration as » e (271#5 [ d*q.

To calculate this integral, the spherical coordinates can be applied, in which wgiq =
V2 +2kqcost + ¢, q(q+ k) = ¢* + kqcos, dq = 2nq*dgsinfdf. Tt is more
convenient to calculate a spectral function S(w, q) of the correlator (35)

&~ 1 . 18 5 . d3
S(w, k‘) = — / 8(777 k)e—zwndn — —3W (wq —zf—quﬂc w)wqwk;qz q _
2 (27r) p Jq<kmaz (k — 3(wq + Wk+q) )

1
W<5+W>,q<w<2kmw ~ W,q<w<2kmax (36)
0, otherwise 0, otherwise.

Taking into account that the main contribution originates from large ¢, one could
also calculate simultaneous correlator

. . k
O(n, ) (n, 2|0 >~ — 2§z — @'
< 0RO 22020 > 1 B (e — ), (37

which corresponds to the contact interaction and was used in [31]. However, more careful

analysis based on Appendix B shows that using of (37) is insufficient and the spectral
function (36) of the non-simultaneous correlator (34) plays a role.

4. Massive particle in a random medium

4.1. Point particles

Let us first consider nonrelativistic point massive particles propagating among the
fluctuations of the gravitational potential [32]. The evolution of a system could be
described by the Fokker-Plank type equation given in Appendix B

fi

. . 0 . .
On fu(P)+i(Eprrj2—Ep—rs2) fr(P) = =i K kai;nL?sz kp Ap fi.(p)+2i K3 pik; s,
where A, is a Laplacian over p, the constants K; = 35~ 2M4 LK, Ky = T i évj‘\j}il Ky, ...,

and K, Ky, K3 are given in Appendix B. In the difference from (10), the quantities
K; contain sum Ny = Nposon + Nferm of the bosonic and fermionic degrees of freedom,

(38)
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because correlator (35) is the second order on gravitational potential ®, whereas ® is
proportional to the energy density and pressure according to Eq. (23).

It is suggested that the Fokker-Planck equation is applicable for particles of
large mass when the momentum of a particle is larger than the maximal momentum
transferred, which is considered to be of the order of M, for point-like particle. Since
the Migdal equation (B.11) is too complicated for solution, the Fokker-Planck equation
could be used to obtain an estimation of decoherence for particles of a smaller mass.

Due to the smallness of the right-hand side of (38), one needs to find a solution only
in the first order on the constants K, K5, K3. For this aim, it is sufficient to substitute
approximate solution (A.4) into the right-hand side of (38) and then solve it. This gives

- 2 92 . _
fk<P’n>%fk(p,n)(1+K1(—k" | 2ink(p po>>+

2m 2
K (277kp (—iF4/{;2n2 _ 6F2m(kz(p — P0)77 + 3im) + 12im2(p _ p0)2)> .
’ 3T4m?
s (21 (0 (= (kpo) (kp) + (kp)” + F*(” — ppo)) + 2imkp)
s\~ +
( I?m
8in(kp — k:po)(p2 — pop) _ 2i(kp)k2n3> (30)
1"4 3m2 )

where fi(p,n) is given in Appendix A by (A.4). Substituting the solution (39) into
(A.5) gives in the first order on the constants K;, Ky, K;
2,2

r
fiP ) f-(pm)d’pd’h & 1 — 3Ky + 3K + 6Ky)— . (40)

As one could see, the interaction with vacuum produces decoherence expressed in the
decreasing of a "purity” (A.5) of a particle state according to (40). From Eq. (40), the
decoherence time is estimated as

1 m
tdee = = . 41
‘ r\/3K1+3K2+6K3 (41)
It is convenient to measure the decoherence length Lgj.. = tg4..V in terms of the
localization length 1/T" of the wave packet (see Appendix A). Particle velocity is defined

as V = po/m. Dependence of the constant is shown in Fig. 2, where also

3K, 73K, 10K
an approximate expression is shown. Using this approximate expression, one comes to
Lgee =~ %% That is, a point-like particle of mass m ~ 3%W loses coherence
at a distance equal to the length of the wave packet 1/I'. Tt should be noted that

interaction with the ether does not produce particle scattering because the momentum

distribution fy(p) does not change, nevertheless the decoherence arises.

4.2. Particles of a finite size

A real particle of a large mass has a finite size, which restricts momentums transferred
by the form factor. Approximately, momentum transferred ¢ in the Eqs. (B.12), (B.13)
should be restricted by ¢ < 1/d, where d is size of a particle. In this case, the calculation
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Figure 2. A dimensionless quantity determining decoherence time and length by Eq.
. L AM .
(41) (solid line), an approximation , /se—sk-76r: ™~ 3 CyopTET (dashed line).
It is taken Ny =4 and Ny = 126 in Eq. (13) for kpaq-
; ; —_ m Naii — Nait _ Nall ;
of the integrals gives K| = — % il Ky = el K3 = gl The main

19272 (M,yd) 120072 M2d5 * 2400m2 M2d5
contribution to the decoherence length for large mass particles originates from the

constant K; and gives

v [m 87T(Mpd>22
rVss, ~ VNu I
This quantity seems very large and unobservable in a matter-wave interferometry [33—

Ldec ~ (42)

38], because increasing of the particle mass does not decrease decoherence length. On
the other hand, the large mass particles usually have internal degrees of freedom and
another decoherence mechanisms [39-46| related with these internal degrees of freedom
works. Also, a particle spin could be considered as an internal degree of freedom and,
thereby, produce decoherence [47,48].

It should also be noted that another branch of combining gravity and quantum
mechanics exists, namely, reduction of the wave function due to gravitational interaction
[49]. That is beyond an “usual” QG and the content of this paper.

5. Discussion and conclusion

The QG must produce a considerable decoherence effect for a pure problem formulated
for the point-like massive particles. Interestingly, this effect originates not due to the
on-shell multiple scattering [50, 51|, forbidden by the energy conservation, but from the
off-shell effects.

For the real particles of finite size, the form factor restricts the momentum
transferred. That reduces the effect of QG decoherence to an unobservable level. This
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QG decoherence could not compete with the decoherence arising from the interaction
of the internal degrees of freedom of a composite particle with the gravitational field.

A general remark about the decoherence should also be made. From the point
of quantum gravity, the universe as a whole exists in a single quantum state [52] and
has zero entropy. Consequently, one could not consider a massive particle as completely
isolated because it is always embedded into the general quantum state. Thus, any object
does not lose its quantum properties but becomes more entangled with the universe’s
general quantum state.

It is of interest to analyze QG vacuum effects on the propagation of high energy
gamma quanta [53,54] in the universe. We plan to perform this investigation in the
nearest future because the preliminary analysis [31] based on a simultaneous correlator
of the gravitational potential is insufficient.
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Appendix A. Quantum mechanical evolution of the wave packet

A momentum wave packet of a freely moving particle can be written as

U(p,t) = do(p)e "2, (A1)
because it obeys the Schrédinger equation
oy p°
— = —). A2
T me (4.2)
The function fx(p) corresponding to this pure quantum state is
fe(@) =¥+ k/2)V"(p— k/2). (A.3)

(p—pp)*
For the Gaussian wave packet ¥(p,t) = 7 3/40—3/2¢~ a%

2
v
szt

, the function fi(p)
takes the form of

)2 ,
fulp) = w0t e PR (A4)
For pure states, the density matrix ppy = ﬁ Tp—p' <#) satisfies [55] > ppp Pprpr =
Ppp’ OT me, ppp Ppp = 1. The last equality expressed in terms of the function fi(p) as
[ o)t ap)pith =1 (A5)

could serve as a criterion of "purity” of a system state.
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Appendix B. Wigner function evolution in a random medium

Let us consider an equation for the density matrix g
i0,9 = [Hy + Hy + V, §], (B.1)

where operators f]l, H, describe the test particle and ether-medium, respectively
[51,56,57]. The operator V(a:) is an operator acting in a test particle Hilbert space
described by @, and, besides, acting to the vacuum-ether variables. We will omit hats
everywhere further in this Appendix. Let us introduce the density matrix of a particle
by the averaging p = Tryp, then it satisfies the equation

iOyp = [Hu, p| + Tra[V, 0. (B.2)
The formal solution of Eq. (B.1) could be written as

o(n) = —i /77 e HHE) T [\ o ()] e~ {1+ H2) (r=n) g (B.3)
This expression can be sulgstituted into the Eq. (B.2) and one comes to
i0yp = [Hy, p] — iTrs /77 v, i (H1+Hz)(7—n) v, g)(T)]e—i(Hl—i-Hz)(T—n)]dT. (B.4)

For further approximation, the density matrix is factorized as p(7) = p(7)p2(7). Then,
one has to take into account that the calculations of the correlator of the interaction in
the Sec. 3 have been performed in the Heisenberg picture over medium-ether variables.
Thus, we have to put interaction into the Heisenberg form using V = e =27V (7)eil27,
and, respectively bring the density matrix of a vacuum-medium into to the static form

by writing ps(7) = e~27 pyet27 This leads to the equation
n . .
iOpp = [Hy, p] — iTrs / [V (), ™DV (7), pl(7) pae 1T dr. (B.5)

Else, in terms of the matrix elements corresponding to the plane waves [56, 57]:
,'7 .
ianppp/ = (Ep — Ep’)ppp’ —1 Z/ << foq(n)vqfq/(T) > Pa'p' (T)el(quEp/)(Tfn) .
-

< VopgMVg—p () > qu’(T)ei(Eq_Ep,)(T_n)_ < Vp—a(T)Vg—p (1) > pag (T)ei(Ep_Eq,)(T_n) +
Ppq(T) < Vg (T)Ve—p (n) > ei(EpiEq/)(Tin))dTa (B.6)
where an averaging <> implies
< Va)Vp(7) >= Tra(Va(m)Va(r)p2 ) =< 0Va(m)Vp(r)]0 >
According to (35), (36), one has:

< 0|V ()Vg(T)|0 >=m?0_g 4S(q, 7 — ) = m*0_¢ 4 / S(q,w)e™ ™M dw. (B.7)

After changing the integration variable 7/ = 7 — n in the integral (B.6) and using
approximately

Ppq (n+ 7'/) ~ e_i(EerEQ)TIqu (1) (B.8)
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in the second-order on the interaction expression in the right-hand side of (B.6), we
come to the following equation:

iOnppp = (Ep — Epy ) pppr — im Z/ (¢, w Epiqg— Ep+w)+
A(Ep — Ep1q —w))ppp () — (A(w — Ep + Epyq) +
A(-w+ Ep — Ep+q))ﬂp+q,p’+q> dw, (B.9)
where
0 ] 1
Aw) = / e“Tdr = md(w) — 2'77; (B.10)

contains the Dirac d-function and the main value generalized function 73% [58].
In terms of the Fourier transform of the Winger function [56] ppp = fp—p (#)
or fr(p) = Pp+k/2.p—k/2 Eq. (B.9) is written as

anfk(p) + i(Ep+k/2 - Ep k/2 fk m? Z/ Qa Epfk:/Q + Epfkr/2+q> +

A(—w+ Epirj2 — Epikjarg)) (P + @) — (AW + Epikjaig — Epirs2) +
A(=w+ Ep 2 = By yaa)) fu(p) ) d*q oo (B.11)

Summation over q could be changed by the integration. Hence, the Dirac delta-functions
in (B.10) produce zero contribution to the integral. Actually, since the minimal value
of w is restricted by ¢ according to (36), the value w + % — % >q+B+¢ >0
by the virtue of p = m) < m. Thus, only the second main value term in (B.10) gives
contribution.

In a diffusion approximation, one may expand f(p+q)— fx(p) = qaf kot quqj %pf ’5; p)
J
and the following integrals arise

2kmaz
/ / ( q . il )dd3~
/ / wa q~
4<kmaz Jq w+EpP+q)—-Elp) w+EP+q)—-Ep)

_(p - p/>K1 <m7 kmax) + O(p4); <B12)
- 4 1 /k
K, = 3 (kmm(?)kmm + 4m) — 8k3/2 \/m arctan (5 m”) +
m

2m
8m’ln [ ————
" n(kmax+2m)>’

/ /kaax ( qxq _ qxq )dwd3qz
4<kmas Jq E(p+q)—-E(p) +w E@ +q)—-E@p)+w

(p* — p*)Ka(m, kmaz) I + (p @ p — P’ @ P)K3(m, kppa) + O(p"),  (B.13)

- 8 2k mazm 1 /k
Ko = —m| knaz | Ema T +3) — 10V kpaemarctan | =4/ —= | +8m | +
R ( ( (k:maﬁ + 6hiaz + 82 ) (2 v om ) )

2m k
2(5ln | ——— tanh | ———
8m (5n(kma$+2m)+6arc an <kmw+4m>>>,

(B.14)
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-~ 16 kaaxm 1 kmam
Ky = — kmam kmaz 3] —10 kmam t 5
’ 15m( ( (k7”:‘btlzzt2 + 6kmazm + 8m? " ) " e 2 m
8m | —4m?* (5In _am + 18 arctanh _Kimas (B.15)
Emaz + 2m Kz + 4m ' '

Finally, we have:

0,u(p) + 122 fulp)

i m2 <_[~{1 k@fk (p)
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 32m2 M} Ip
- - 0 fr(p)
+ 2K kp Ap fi(p) + 2 Ky pikj——— ). (B.16)
Ip;Opi
References
[1] Birrell N D and Davis P C W 1982 Quantum Fields in Curved Space (Cambridge University Press)
[2] Dodelson S 2003 Modern Cosmology (Amsterdam: Elsevier)
[3] Cherkas S L and Kalashnikov V L 2019 Proc. Natl. Acad. Sci. Belarus, Ser. Phys.-Math. 55 83-96
[4] Cherkas S L and Kalashnikov V L 2020 Nonlin. Phenom. Compl. Syst. 23 332-337
[5] Haridasu B S, Cherkas S L and Kalashnikov V L 2020 Fortschr. Phys. 68 2000047
[6] Power W L and Percival I C 2000 Proc. Roy. Soc. Lond. A 456 955-968
[
[
[

]
]
|
|
]
]
7] Amelino-Camelia G, Lammerzahl C, Mercati F and Tino G M 2009 Phys. Rev. Lett. 103 171302
]
]
|
]
]
]

[14]

[15]

[16]

[17] Wilczek F 1984 Phys. Rep. 104 143

[18] Unruh W G 1989 Phys. Rev. D 40 1048

[19] Alvarez E 2005 J. High Energy Phys. JHEP03(2005)002

[20] Henneaux M and Teitelboim C 1989 Phys. Lett. B 222 195

[21] Smolin L 2009 Phys. Rev. D 80 084003

[22] Visser M 2018 Particles 1 138-154

[23] Arnowitt R, Deser S and Misner C W 2008 Gen. Rel. Grav. 40 1997
[24] Milne E A 1935 Relativity, Gravitation and World-Structure (Oxford, England: The Clarendon

Press)

[25] Cherkas S L and Kalashnikov V L 2008 Universe driven by the vacuum of scalar field: VFD model
Proc. Int. conf. “Problems of Practical Cosmology”,Saint Petersburg, Russia, June 23 - 27, 2008
pp 135-140

[26] Cherkas S L and Kalashnikov V L 2007 J. Cosmol. Astropart. Phys. JCAP01(2007)028

[27] Visser M 2019 Phys. Lett. B 791 43-47

[28] Cherkas S L and Kalashnikov V L 2018 Plasma perturbations and cosmic microwave background
anisotropy in the linearly expanding Milne-like universe Fractional Dynamics, Anomalous
Transport and Plasma Science ed Skiadas C H (Cham: Springer) chap 9, pp 181-201

[29] Carlip S 2019 Phys. Rev. Lett. 123

DO



Wave optics of quantum gravity for massive particles 14

[30]
[31]

Kiefer C 2012 Phil. Trans. R. Soc. A. 370 4566-4575

Cherkas S L and Kalashnikov V L 2021 Wave optics of quantum gravity for light and particles
(Preprint 2012.02288v2)

Vacchini B and Hornberger K 2009 Phys. Rep. 478 71-120

Hornberger K, Sipe J E and Arndt M 2004 Phys. Rev. A 70

Hackermiiller L, Hornberger K, Brezger B et al. 2005 Nature 427 711-714

Arndt M, Hackermiiller L and Reiger E 2005 Brazilian J.Phys. 35 216-223

Walter K and Hornberger K 2016 Coherence and Decoherence in High-mass Matter-wave
Interferometry (Universitatsbibliothek Duisburg-Essen)

Brand C, Kialka F, Troyer S, Knobloch C, Simonovic K, Stickler B A, Hornberger K and Arndt
M 2020 Phys. Rev. Lett. 125

Brand C, Eibenberger S, Sezer U and Arndt M 2017 Matter-wave physics with nanoparticles and
biomolecules (Preprint 1703.02129)

Pikovski I, Zych M, Costa F and Brukner C 2015 Nature Phys 11 668—672

Gooding C and Unruh W G 2014 Phys. Rev. D 90

Gooding C and Unruh W G 2015 Found. Phys. 45 1166-1178

Ralph T C and Pienaar J 2014 New J. Phys. 16 085008

Plato A D K, Hughes C N and Kim M S 2016 Contemp. Phys. 57 477-495

Pang B H, Chen Y and Khalili F Y 2016 Phys. Rev. Lett. 117 090401

Carlesso M and Bassi A 2016 Phys. Lett. A 380 23542358

Dehdashti S, Avazzadeh Z, Xu Z et al. 2017 Sci. Rep. 7 15046

Esfahani B N and Dehdashti S 2007 Int. J. Theor. Phys. 46 14951505

Ahmadi F and Mehrafarin M 2014 Quantum Inf. Process 13 639—647

Penrose R 2004 On gravity’s role in quantum state reduction Physics meets philosophy at the Planck
scale Contemporary theories in quantum gravity ed Callender C and Huggett N (Cambridge:
Cambridge University Press) p 290

Baryshevsky V. G 2012 High-Energy Nuclear Optics of Polarized Particles (Singapore: World
Scientific)

Migdal A B 1956 Phys. Rev. 103 1811-1820

Cherkas S L and Kalashnikov V L 2019 Cosmological singularity as an informational seed for
everything (Preprint 1905.06790)

Acciari V, Ansoldi S et al. (MAGIC Collaboration) 2019 Nature 575 455-458

Amenomori M, Bao Y W, Bi X J et al. (Tibet ASy Collaboration) 2019 Phys. Rev. Lett. 123(5)
051101

Landau L D and Lifshitz E 1981 Quantum Mechanics: Non-Relativistic Theory vol 3 (Oxford:
Butterworth-Heinemann)

Migdal A B 1955 Dokl. Akad. Nauk Ser. Fiz. 105 77

Kagan Y and Kononets Y V 1973 JETP 37 530

Vladimirov V S 1979 Generalized functions in mathematical physics (Moscow: Mir)



