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2 Ru -der Bošković Institute, Bijenc̆ka cesta 54, 10000 Zagreb, Croatia

Received: 16 January 2021 / Accepted: 28 April 2021
© The Author(s) 2021

Abstract By analyzing the analogies between the effective
system of N spins described by the Ising Hamiltonian and
the phenomenon of the self-gravity in mixed particle systems,
we show that cooled ions held in a segmented ion trap and
exposed to a magnetic field gradient can simulate the pro-
posed mechanism of mutual interaction in mixed neutrino
system. We show that with trapped ions one can reproduce
the expected corrections to the flavor transitions and theCPT
violation induced by gravity on flavor fields, which may have
played an important role in the early stages of the universe.
The results presented are experimentally testable.

1 Introduction

Particle mixing and oscillations represent the most com-
pelling indication of physics beyond the standard model of
particles [1–3]. The physical oscillating fields, named flavor
fields, are superpositions of free fields with different defi-
nite masses. Particle mixing interests axion–photon system
[4–6], η–η′ [7], neutral kaons [8], B0 and D0 mesons [9], in
boson sector; neutrino flavor oscillations [10,11], neutron–
antineutron oscillations [12], and the quark mixing [13], in
the fermion sector. Many efforts have been devoted to under-
standing the origin of the phenomenon and, recently, also the
effects of gravity on neutral mixed particles have been ana-
lyzed [14,15]. Moreover, gravity has been also considered
as a source of decoherence in flavor oscillations [16–18] and
the effects of decoherence for mixed particles on fundamental
symmetries of nature have been recently studied [19–26]. It
has been shown that gravity can affect the frequency of oscil-
lations [14,15] and leads to many interesting effects like the
CPT-symmetry violation in particle mixing [19–25]. Effects
of quantum field theory in curved space-time on mixed neutri-
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nos have been also analyzed [27]. The phenomena mentioned
above are difficult to reveal experimentally, due to the elu-
sive nature of neutrinos and the short lifetime of composite
particles (as pertaining to meson mixing).

Another particularly thriving field of research is repre-
sented by the study of trapped ions. Trapped ions are among
the most promising systems for practical quantum comput-
ing and many quantum technological applications have been
developed by using such systems. An ion trap is a combina-
tion of electric or magnetic fields used to capture ions real-
izing a system well isolated from the external environment.
Therefore it is characterized by long lifetimes and coher-
ence [28,29], strong ion–ion interactions [30], and the exis-
tence of cycling transitions between internal states of ions
that allows to realize both measurement and laser cooling.
Trapped ions, besides being one of the leading technology
platforms for large-scale quantum computing, allow the sim-
ulation of quantum models of strongly interacting quantum
matter and enable the investigation of those quantum dynam-
ics that remain so far unexplored due their inescapable com-
plexity [31,32]. Not only strongly interacting quantum mat-
ter, but also phenomena pertaining to high energy physics
can be simulated with ion traps [33] and more generally in
atomic systems [34].

In this work, we show that trapped ions can also simulate
the gravity effect on mixed neutral particles and thus repro-
duce, in table top experiments, analogues of phenomena that
may have characterized the first stages of the evolution of the
Universe.

In particular, we analyze the analogies between a self-
interacting system of mixing particles and an ensemble of
Doppler cooled ions loaded in a magnetic trap. We note that
an effective spin-1/2 long range Ising model can describe
both Doppler cooled ions held in a segmented ion trap [30,
35–38] and the dynamics of a gravitationally self-interacting
system made of oscillating neutrinos, as introduced in Ref.
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[15]. In that paper, it has been studied an ensemble of N
mixed self-interacting neutral particles as a closed system and
it has been shown that the self-gravity effects induce a CPT
violation and a modification of the oscillation formulae for
systems like neutrinos. The emerging entanglement and the
CPT violation are extremely small for systems like neutrinos
or neutrons, yet such effects might play a crucial role in dense
matter and during the early stages of the universe.

Here, we consider different interaction potentials and we
analyze the oscillation formulae and the T -symmetry viola-
tion for traps loaded with 4, 6 and 8 ions. We start by analyz-
ing the case with 4 ions, first in a single harmonic trap and
then in three independent wells, in which the inner ions are
confined in an-harmonic potential and coupled strongly. Then
we consider 6 ions confined in a single strongly an-harmonic
well, and 8 ions loaded in individual harmonic traps.

We show that trapped ions reproduce the expected correc-
tions to the flavor transitions and the CPT violation induced
by gravity on flavor fields. We show that the T violation for
confined ions is the analogue of the CPT violation for fla-
vor mixed fields and we find that T violation depends on the
number of trapped ions, as predicted for CPT violation in
the flavor mixing case. Our numerical results show that such
violations, together with the new oscillation formulae are all
detectable in the present experiments on ion traps. Reproduc-
ing the effects predicted for neutrinos in atomic systems could
open new scenarios for the study of fundamental physics; it
could be of high relevance in the understanding of the evo-
lution of the universe and possibly lead to the discovery of
new phenomena.

The paper is organized as follows. In Sect. 2, for the
reader’s convenience, we briefly resume the main results of
the treatment of gravitationally self-interacting oscillating
neutrinos. In Sect. 3, we present the analogies with cooled
trapped ions and we show that the very tiny effects induced
by the gravitational self-interaction for neutrinos have corre-
sponding, larger effects in trapped ions, which can be easily
detected. Indeed, we show that the oscillation formulae for
trapped ions and the T symmetry violation which can be
interpreted as a signature of CPT violation in mixed flavor
fields, can be experimentally tested with the present tech-
nologies. In Sect. 4 we draw our conclusions.

2 Oscillations of N interacting particles

In this section we report the main results obtained for oscillat-
ing and gravitationally interacting particles [15]. The mixing
relations for two flavor fields nA and nB are

|nA〉 = cos(θ) |m1〉 + eıφ sin(θ) |m2〉 ;
|nB〉 = −e−ıφ sin(θ) |m1〉 + cos(θ) |m2〉 , (1)

where nA = νe and nB = νμ for neutrinos, θ is the mixing
angle, φ is the Majorana phase which is zero in the case
of Dirac fermions [2] and |mi 〉 are the states with definite
masses mi .

Denoting with E the energy of the mixed particles travel-
ling through the space, and assuming mi � E , the Hamilto-
nian of mixed fields can be written as

H = ω0 σ z; ω0 = c2

4E
(m2

1 − m2
2) , (2)

where σ z =|m1〉〈m1|−|m2〉〈m2|, and we neglected the terms
proportional to the identity.

Considering the validity of the equivalence principle
between inertial and gravitational mass, and representing the
gravitational interaction with the Newtonian potential, the
Hamiltonian of N mixed particles interacting gravitationally
becomes

H (N ) =
∑

i

ωiσ
(z)
i + 1

2

∑

i, j

�i, jσ
(z)
i · σ

(z)
j , (3)

where ωi = ω0 +∑
j gi, j (m

2
1 −m2

2) with ω0 given in Eq. (2),

�i, j = gi, j (m1 − m2)
2 with gi, j = G

4di, j
, �i,i = 0 and di, j

relative distance between the i-th and the j-th fields that, for
sake of simplicity is assumed constant during the evolution.

Assuming that at time t = 0 the system is described by a
fully separable state and that the first M particles are created
in the state |nA〉 and the rest is in the state |nB〉, then the
initial state is |ψ(N )(0)〉 = ⊗M

α=1 |nA〉α
⊗N−M

β=M+1 |nB〉β .
For t > 0, since the system is closed, one has the pure
state |ψ(N )(t)〉 = U (t) |ψ(N )(0)〉, where the unitary evolu-
tion operator is U (t) = exp(−ı t H (N )). The reduced density
matrix on the selected k-th particle is

ρk(t)= 1

2

(
1+

∑

α

〈ψ(N )(0)|U †(t)σα
k U(t)|ψ(N )(0)〉 σα

k

)

= 1

2

(
1 + ζk cos(2θ) ζke−ıφ sin(2θ)a∗

k (t)
ζkeıφ sin(2θ)ak(t) 1 − ζk cos(2θ)

)
,

where the index α runs over the ensemble {x, y, z}, the func-
tion ζk is equal to +1 for k ≤ M , and to −1 for k > M , and
ak(t) is given by

ak(t)=eı2ωk t
N∏

j=1

(cos(2�k, j t)+ıζk cos(2θ) sin(2�k, j t)).

(4)

The total entanglement that any single particle shares with
the rest of the system is quantified by 2-Renyi entropy defined
as S2 = − ln(P(ρi (t))), where

P(ρk(t)) = Tr(ρ2
k (t)) = 1 − sin2(2θ)

(
1 − |ak(t)|2

)
, (5)

is the purity. Since �i, j are not invariant under the change of
fields, one has |ak(t = 0)|2 = 1 and |ak(t)|2 < 1, ∀t > 0.
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Therefore, for t > 0, any single particle is entangled with
the rest of the system.

Considering two copies of the N -particle system such that
in the first copy one has M = N and in the second one has
M = 0, the oscillation probabilities (obtained considering
the average over all the elements of the system) are

PnA→nB (t) = 1

2
sin2(2θ)

(
1 − 1

N

N∑

k=1

Re(a(A)
k (t))

)
;

PnB→nA(t) = 1

2
sin2(2θ)

(
1 − 1

N

N∑

k=1

Re(a(B)
k (t))

)
, (6)

where Re(a(A)
k (t)) is the real part of ak(t) when M = N ,

and similar for Re(a(B)
k (t)). Note that the CP-symmetry is

preserved, indeed �CP (t)= PnA→nB (t)− PnA→nB (t) = 0,
where nσ (σ = A, B) is the antiparticle state. On the contrary
since, a(A)

k (t) 
= a(B)
k (t), the T -symmetry is violated. In fact

we have �T (t) = PnA→nB (t) − PnB→nA(t) 
= 0. Assuming
�i, j t � 1 the expression of ak(t) simplifies and becomes

equal to ak(t) � eıωk t
(

1 ± 2ı cos(2θ)
∑N

j=1 �k, j t
)

, where

the sign + is for a(A)
k (t) and the sign − is for a(B)

k (t). Then
�T becomes

�T (t) = sin2(2θ) cos(2θ)
2t

N

N∑

k, j=1

sin(2ωk t)�k, j . (7)

Being �CP 
= �T , also the CPT symmetry is violated.
Denoting with F = 1

N

∑N
k=1 fk the average of fk , which

are defined as fk = sin(2ωk t)
N

∑
j �k, j , one can express �T

in terms of average values of relative distances among the
particles in the system as

�T = sin2(2θ) cos(2θ)2NtF . (8)

This relation shows the explicit dependence of �T on the
number of particles of the system. Similar results are obtained
for all the configurations in which, nA − nB ∼ N at t = 0.
If nA ∼ nB at t = 0, one has �T ∝ √

N .
Notice that, the phenomena described above are difficult

to be directly detected, due to the smallness of the gravita-
tional coupling for neutrinos. For example, for two neutrinos
at the distance of d = 10−15m, with �m2 = 10−5eV2, one
has the following value of the gravitational interaction term:
� � 10−54eV. This has to be compared with the free oscilla-
tion term ω that, for neutrinos with energy of order of 1MeV,
is about 10−11eV. Despite the smallness of the gravitational
interaction term, its effect becomes relevant for a large num-
ber of neutrinos. In fact, as it is evident from Eq. (3), the free
term grows as N , while the gravitational interaction term
grows as N 2. This effect could be relevant in very dense sys-
tems like the first stages of the universe or in compact objects.
To give an estimate of N in astrophysical object, we consider

that in the solar core about one neutrino for each two protons
is produced per second. This implies that about 1038 neutri-
nos are produced per second and �T

t ∈ (−10−1 − 10−1) t
s2 .

This phenomenon is very difficult to be analyzed directly.
These circumstances warrant the need for a simulation to
experimentally reveal the mutual gravitational interaction of
mixed particles. Here we propose that a possible simulation
can be achieved with trapped ions, as we will discuss in the
following section.

3 Trapped ions as gravitationally interacting particles

Let us now consider cooled ions held in a segmented ion
trap and exposed to a magnetic field gradient in order to
realize effective spin 1/2 models. The effective spin–spin
interactions induced by the magnetic field are of Ising type
and can be adjusted by tailoring the axial trapping potential.
In particular, if the ions are sufficiently cold, such that the
ion motion can be neglected, the effective system of N spins
is described by the Ising Hamiltonian [39]

H̄ (z)
Ising = h̄

2

N∑

i=1

ωiσ
z
i − h̄

2

∑

i, j

Ji jσ
z
i σ z

j (9)

where ωi are the resonance frequencies of the atomic spins,
depending on the external magnetic field B

(
x0, j

)
at the equi-

librium position of the ion x0, j . The spin–spin couplings Ji j
depend on the trapping potential and on the spatial derivative
of the spin resonance frequency, that is determined by the
magnetic field gradient. They are given by

Ji j = h̄

2

∂ωi

∂xi

∣∣∣∣
x0,i

∂ω j

∂x j

∣∣∣∣∣
x0, j

(
A−1

)

i j
(10)

where A is the Hessian matrix of the potential energy function
V (x1, · · · xN )

Ai j = ∂2V (x1, · · · xN )

∂xi∂x j

∣∣∣∣
x�=x0,�,∀�

(11)

that confines the ions in the position x j . In addition, the mag-
netic gradient allows for the addressing of individual spins
with a microwave field, which can be used to manipulate the
spin dynamics.

By comparing the Hamiltonians (3) and (9), we see that
they are formally identical, with the obvious correspondence
ωi ↔ ωi

2 , Ji j ↔ −�i, j . Hence the resonance frequencies
of the atomic spins ωi play the role of ωi in Eq. (3), apart
from a factor 1/2, and the spin–spin couplings Ji j corre-
spond to the gravitational couplings �i, j except for a sign.
Thus the results presented for mixed particle systems can
be reproduced with trapped ions. In order to replicate the
gravitationally-interacting neutrinos as faithfully as possible,
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the parameters ωi and Ji j must be chosen so that ωi � Ji j .
It is clear, from the discussion of the previous section, that
the original ratio between the gravitational interaction and
the free oscillation term, which is of order of 10−40, cannot
be reached with trapped ions. We point out, however that it is
the smallness of this ratio which renders the phenomenon of
neutrino self interaction hard to be observed. Therefore, in
order to reveal the presence of such an effect, it is desirable a
ratio that is not too small. Physically this would correspond
to neutrinos with high energy and small relative distance (cfr.
Eq. (2)).

In the following, we consider ions trapped both in anhar-
monic and harmonic potential and we show that a T violation
can be detected in both cases. We remark that, for our pur-
poses, there are no substantial differences between the anhar-
monic and harmonic traps, since the only relevant parameters
are ωi and Ji j . There are many ways to implement Ising-type
interactions and the parameters ωi and Ji j can be chosen in a
very wide range. In the present paper, we choose these param-
eters in order to highlight the effects predicted for gravitation
self interaction of neutrinos and make them experimentally
accessible in the analogue, here represented by trapped ions.

It is clear, however, that the analogy fails when the antipar-
ticles are involved. This is because one does not have the CP
conjugate of the system at his disposal in the case of trapped
ions. If one could hypothetically reproduce the CP conju-
gate of the system, and the only interaction within the system
were the one of Eq. (9), all the results, including theCP sym-
metry would be recovered. In any case, since the oscillation
probability are not dependent on the CP violating Majorana
phase, there is no reason to believe that the CP conjugate
oscillations differ from Eq. (6). Then we can infer that the
trapped ion system is alsoCP invariant. In this sense, we can
assume that �CP = 0. Since the T violation can be tested in
this setup, and in the neutrino mixing case it induces a CPT
symmetry violation, trapped ions can be used to indirectly
test the CPT violation predicted for neutrinos gravitation-
ally interacting.

We now proceed with a numerical analysis, considering
different potential shapes, and we analyze the oscillation for-
mulae and the T violation resulting for the cases in which
the trap is loaded with 4 ions (with both harmonic and anhar-
monic potentials) or 6 ions (with anharmonic trapping poten-
tial) and the case in which 8 ions are loaded in individual har-
monic traps. The initial state of the ion ensemble is assumed
to be factorizable as the direct product of single ion states.
We consider two possible initial single ion states, written as
superposition of spin up |↑〉 and down |↓〉:

|A〉 = cos(θ) |↑〉 + eıφ sin(θ) |↓〉
|B〉 = −e−ıφ sin(θ) |↑〉 + cos(θ) |↓〉 . (12)

Fig. 1 Plots of PB→A(t), for θ = π/3 (the red line), θ = π/4
(the blue line), θ = π/8 (the green line). In the plots, we con-
sider n = 4 trapped ions in a harmonic potential, and the follow-
ing values of the resonance frequencies of the atomic spins splitting
�ωi/2π(MHz) = −11.8; −3.7; 3.9; 12 and of the coupling constants
Ji j ( Hz): J1,2 = J3,4 = 479; J1,3 = J2,4 = 349; J1,4 = 273;
J2,3 = 457

Notice that both the states of Eq. (12) are pure. A standard
method to prepare the states as in Eq. (12) is to perform
rotations on the Bloch sphere for individual ions.

We start by studying a trap with harmonic potential
loaded with 4 ions. The potential is chosen in correspon-
dence with that of figure (2A) in the reference [32]. The
values for the frequencies of the atomic spins splitting
and for the coupling constants are reported in Appendix A
of the same work: �ωi/2π(MHz)= −11.8; −3.7; 3.9; 12
and Ji j ( Hz): J1,2 = J3,4 = 479; J1,3 = J2,4 = 349;
J1,4 = 273; J2,3 = 457.

Plots of the transition probability PB→A as a function of
time are shown in Fig. 1 and the results for the violation of the
T -symmetry �T as a function of time for such a system are
reported in Fig. 2. For the oscillation probabilities (Fig. 1) we
use the time range [10−7 −10−6] s, while the T -asymmetries
are plotted in the range [10−6 − 10−4] s because the magni-
tude of the oscillations is larger here, and therefore they are
more visible.

Next we analyze three different anharmonic wells loaded
with 4 strongly coupled ions. These simulate a non–uniform
distribution of neutrinos in space. To investigate a realis-
tic experimental set-up of this configuration, we use the
following values of resonance frequencies of the atomic
spins splitting: �ωi/2π(MHz)= −30.7; −2.3; 2.4; 30.9 ,
and the following values of the coupling constant Ji j ( Hz):
J1,2 = 2.1; J1,3 = 1.8; J1,4 = 0.4; J2,3 = 123.8, with
J3,4 = J2,4 [32].

The plots show that, apart from specific singular values of
the angle θ , as for example θ = π/4, for which �T vanishes
accordingly with Eq. (8), the violation of the T -symmetry,
and then of theCPT symmetry, is large enough to be detected
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Fig. 2 Plots of �T (t) for different choices of θ for a set-up with n = 4
trapped ions, and the same parameters as Fig. 1. Here we use a different
time scale in order to better highlight the T -Violation

Fig. 3 Plots of PB→A(t), for θ = π/3 (the red line), θ = π/4
(the blue line), θ = π/8 (the green line). In the plots, we consider
n = 4 trapped ions in an anharmonic potential, and the follow-
ing values of the resonance frequencies of the atomic spins splitting
�ωi/2π(MHz) = −30.7; −2.3; 2.4; 30.9 , and of the coupling con-
stant Ji j ( Hz): J1,2 = 2.1; J1,3 = 1.8; J1,4 = 0.4; J2,3 = 123.8, with
J3,4 = J2,4

with the current technologies. Notice that the time intervals
considered (t ∈ [10−7 − 10−4] seconds), are well below the
coherence time usually characterizing the experiments with
trapped ions.

It would be interesting to study how the system evolves at
longer timescales, since from Eq. (8) we aspect �T growing
with time t . However, the evolution time cannot exceed the

Fig. 4 Plots of �T (t) for different choices of θ for a set-up with n = 4
trapped ions, and the same parameters as Fig. 3. Here we use a different
time scale in order to better highlight the T -Violation

coherence time, and this fact prevents the analysis of the
systems at larger time scales.

With today’s technologies of trapped ions we can also
simulate larger systems. However an increment of the num-
ber of ions implies a reduction of the coherence time
and beyond this time the simulation of gravitational inter-
acting mixed particles no longer reproduces the origi-
nal system faithfully. Keeping the total number of ions
sufficiently small, like n = 6, the coherence time is
still quite large. Then, we take into account a system
made by n = 6 ions trapped in a single well with
�ωi/2π(MHz)= −32.01; −9.9; −3.0; 3.2; 10.0; 32.3 ,
and Ji j ( Hz): J1,2 = 27.9; J1,3 = 19.5; J1,4 = 16.7;
J1,5 = 16.7; J1,6 = 1.4; J2,3 = 411.8; J2,4 = 319.7;
J2,5 = 300.3; J2,6 = 16.5; and J3,4 = 348.3; J3,5 = 319.2;
J3,6 = 16.4; J4,5 = 410.9; J4,6 = 19.1; J5,6 = 27.3, and
Ji, j = J j,i [32]. Considering the same initial states of the
previous case, we have the oscillation probabilities shown
in Fig. 5 and the T -symmetry violation shown in Fig. 6.
Also here we use different scales for the oscillation prob-
abilities (Fig. 3) [10−7 − 10−6] s, and the T -asymmetries
[10−6 − 10−4] s, to better highlight the latter.

Our final application is with n = 8 ions held in individual
harmonic traps. We consider Yb+ ions, with the same qubit
splitting �ωi = 20πMHz for each ion, corresponding to the
typical Zeeman splitting of the S1/2, F = 1 level [40], and
only nearest neighbour interactions between the ions 1 and
2, 3 and 4, 5 and 6, 7 and 8, with coupling J = 3KHz, as
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Fig. 5 Plots of PnB→nA (t), for θ = π/3 (the red line), θ = π/4
(the blue line), θ = π/8 (the green line). In the plots, we consider
n = 6 trapped ions in an anharmonic potential, and the follow-
ing values of the resonance frequencies of the atomic spins splitting
�ωi/2π(MHz) = −32.01; −9.9; −3.0; 3.2; 10.0; 32.3 , and of the
coupling constant Ji j ( Hz): J1,2 = 27.9; J1,3 = 19.5; J1,4 = 16.7;
J1,5 = 16.7; J1,6 = 1.4; J2,3 = 411.8; J2,4 = 319.7; J2,5 = 300.3;
J2,6 = 16.5; J3,4 = 348.3; J3,5 = 319.2; J3,6 = 16.4; J4,5 = 410.9;
J4,6 = 19.1; J5,6 = 27.3, and Ji, j = J j,i

Fig. 6 Plots of �T (t) for different choices of θ for a set-up with n = 6
trapped ions. The same parameters as Fig. 5 are used. We used a different
timescale to better highlight the T -violation

discussed in the reference [40]. The same initial states for the
ions are assumed. In the Figs. 7 and 8 we plot respectively the
oscillation probabilities and the T -violation for this system.

It should be noted that the general prediction of Eq. (8)
of the dependence of the T asymmetry on the total particle
number N is confirmed by the plots shown above. The 6

Fig. 7 Plots of PnB→nA (t), for θ = π/3 (the red line), θ = π/4 (the
blue line), θ = π/8 (the green line). In the plots, we consider n = 8
trapped ions in individual harmonic traps all with the same atomic split-
ting �ωi = 20πMHz and only nearest neighbour interactions between
the ions 1 and 2, 3 and 4, 5 and 6, 7 and 8, with the same coupling
J = 3KHz, as presented in the reference [40]

ions asymmetry of Fig. 6 (given the different couplings) at
t1 = 10−6s is slightly bigger than the 4 ions asymmetry of
Fig. 4 at the same time t1 and, due to Eq. (8), we expect that
a larger number of ions implies a larger T asymmetry, as
also shown in the plots of Fig. 8 with n = 8 ions trapped in
individual harmonic traps.

In any case, a limited number of ions is to be preferred,
since despite a larger signal, the coherence time is reduced
when a large number of ions is considered. The plots obtained
show that the oscillation formulae and the CPT violation
predicted for gravitationally interacting neutrinos can be
tested with ions trapped in many potentials. Indeed, com-
paring the parameters of original system (we considered the
solar core with ω ∼ 10−11eV , � ∼ 10−54eV and N ∼ 1038)
with those of the simulations, and looking at the results shown
in Figs. 4, 5, 6, 7 and 8, we see that the small number of ions
is compensated by the larger ratio between the interaction
term and free oscillation term, so to give a comparable �T .

In order to detect the effects described in the paper, it is
necessary to prepare and detect the state of the ions with
sufficiently high fidelity. In the case of ions in anharmonic
traps we consider, the required resolution is of order of 1%,
while for ions trapped in the harmonic potentials we consider,
the resolution required is of order 10%. These resolutions can
be easily attained in experiments [41].

4 Conclusions

The gravitational self-interaction in particle mixing systems
leads to new oscillation formulae and to the CPT violation.
The corrections to the flavor transitions and the expected
CPT symmetry breaking are negligible in the present epoch
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Fig. 8 Plots of �T (t) for different choices of θ for a set-up with n = 8
trapped ions. The same parameters as Fig. 7 are used. We used a different
timescale to better highlight the T -violation

and therefore they are very hard to be revealed. However, they
are proportional to the number of elements of the system and
to its density, so that these effects could affect extremely
dense systems with a large number of particles, such as some
galactic objects and the primordial stages of the universe.
Moreover, the mechanism leading to CPT violation is not
only limited to gravitational interaction. Therefore, the pos-
sibility of testing these processes is of great importance for
the understanding of fundamental physics.

In our work, we have shown the analogies between the
effective system of N spins described by the Ising Hamil-
tonian and the phenomenon of the gravitational self interac-
tion in mixed particle systems. We have shown that cooled
ions held in many potential traps can simulate the mutual
interaction in mixed neutrino system and allow to reveal the
expected new oscillation formulae and the CPT violation
for this phenomenon. We considered the case with N = 4
ions and coupling in three independent wells and the case of 6
ions confined in a single strongly an-harmonic well. We have
shown that the T violation for trapped ions, corresponding
to the CPT violation for flavor mixed particles, grows with
the size of the system N . Moreover, we analyzed the system
with N = 8 ions held in individual harmonic traps and have
shown that in this case the T violation is even larger than in
the previous cases, both for the greater number of trapped
ions and for the larger value of the coupling constants as
compared to the anharmonic cases. Our numerical results
show that such violations, together with the new oscillation

formulae are all detectable in the present experiments on ion
traps. Finally, note that in our approach we have chosen the
couplings Ji j and the frequencies ω̄i in order to maximize the
T -violation. By lowering the interaction, and therefore the
couplings and the frequencies, it is possible to slow down and
highlight the oscillations. The potentials can always be tuned
according to whether one is interested in highlighting the T
asymmetry or the oscillation formulae. As a last remark, we
point out that trapped ions are not the only system capable
of simulating gravitationally self-interacting neutrinos. The
Ising like Hamiltonian of Eq. (3) might be reproduced by
other atomic systems (as for instance Rydberg atoms), and
future investigations shall be devoted to the analysis of these
possibilities.
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