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Time evolution generically entangles a quantum state with environmental degrees of freedom. The
resulting increase in entropy changes the properties of that quantum system leading to “aging”. It
is interesting to ask if this familiar property also applies to simple, single particle quantum systems
such as the decay of a radioactive particle. We propose a test of such aging in an ion clock setup
where we probe for temporal changes to the energies of the electronic state of an ion containing a
radioactive nucleus. Such effects are absent in standard quantum mechanics and this test is thus a
potent null test for violations of quantum mechanics. As a proof of principle, we show that these
effects exist in causal non-linear modifications of quantum mechanics.

Introduction.— The Schrodinger equation in quantum
mechanics is time-symmetric, with no past and no future.
This successful description of the microscopic world is in
sharp contrast to the macroscopic world where there is a
clear “arrow of time”. In quantum mechanics, the “ar-
row of time” is an emergent phenomenon that arises due
to the entanglement between a quantum system and its
environment, with the associated increase in the overall
entropy providing a “direction” to the “arrow of time”.
This view is in fact necessary to define non-trivial quan-
tum cosmological dynamics [1] since unlike quantum me-
chanics where time is regarded as a privileged marker of
dynamical evolution, General Relativity treats it simply
as a parameter. Generically, the entanglement between
a complex quantum system and the environment results
in changes to the physical properties of the quantum sys-
tem i.e. the quantum system ages. It is interesting to
ask if such a concept of aging could also exist in simple
quantum systems such as single particle dynamics.

There is a natural place for such a notion to mani-
fest itself in single particle dynamics - namely, the de-
cay of an unstable quantum system wherein the system
gets entangled with a large reservoir of final states. In
standard quantum mechanics, when an unstable quan-
tum system is created, the decay process decreases the
probability of finding the quantum system in that ini-
tial state - however, whenever the system is found in its
initial state, its properties are unchanged i.e. the entan-
glement of the unstable system to the reservoir of final
states does not change the properties of the system it-
self. An experimental test of this phenomenon thus be-
comes a powerful probe of new physics beyond standard
quantum mechanics. While quantum mechanics remains
unchanged since it was developed almost 100 years ago,
there are no known fundamental reasons why it should re-
sist parametrized deviation. Concrete and logically con-
sistent models that modify the time evolution of quan-
tum mechanics have been written down. This includes
generalizations of unitary Hamiltonian evolution to non-
unitary but probability preserving Lindblad evolution [2]
as well as causal, unitary but non-linear Hamiltonian evo-
lution [3-5].

We propose a test of such aging using radioactive
atoms with a half-life that is long enough to probe it
repeatedly as an atomic clock. Could a clock transition
in such an atom have a time-dependent frequency shift
as it ages? If so, such radioactive atoms could be dis-
tinguished from each other by their age, a concept that
is analogous to our macroscopic world. Such experimen-
tal searches can already be performed, as outlined below
for several candidate systems including lutetium and ra-
dium. We also show that this phenomenon of atom aging
arises naturally in the non-linear quantum mechanical
framework developed in [5]. This experiment is thus a
test of this particular framework, but it is possible that
the described phenomenon may arise generically in other
modifications of quantum mechanics as well.

The rest of this paper is organized as follows. We next
describe the experimental protocol and discuss the spe-
cific application of this protocol. We then estimate the
effects of the non-linear quantum evolution [5] for this
class of experiments, and make concluding remarks.

Setup.— The general protocol proposed here is the
following. The first step is to create a radioisotope
with an appropriate half-life ranging from several days
to weeks. Typically, one starts with a stable precur-
sor isotope which is enriched to a high level by existing
methods. Nuclear transmutation is most commonly ac-
complished by neutron irradiation in a nuclear reactor
or by proton bombardment in a cyclotron, though other
accelerator methods can be used. After transmutation,
the radioisotope can be isolated from the stable target by
radiochemistry [6] or by physical separation methods [7].
It would then be shipped to a metrology lab where the
radioisotopes could be evaporated and trapped as neu-
tral atoms or ions. The clock transition in the atoms
would be repeatedly measured over a time scale compa-
rable to the half-life of the radioisotope. A change in the
transition energy would be a signal of atom aging.

Lutetium.— The first case we consider is Lutetium
(Lu), a lanthanide with two stable isotopes. A promising
candidate is '""Lut with a half-life of 6.65 days, decay-
ing by beta emission to stable !""Hf. This radioisotope
is produced by irradiation of stable '"Yb in a nuclear



reactor, which is transmuted to 77Yb by neutron cap-
ture, decaying to '""Lu with a half-life of 1.9 hours. The
radioisotope '""Lu can be efficiently separated from the
target '70Yb by radiochemistry or physical separation [7].
These methods produce no-carrier-added '""Lu which is
the most promising radioisotope today for targeted can-
cer therapy [8]. Clock transitions in Lu™ have been mea-
sured, and the black-body shift was found to be the low-
est of any established optical clocks [13]. A simplified
schematic is shown in Fig. 1.
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FIG. 1. The level structure of Lu™ with two possible clock
transitions.

There are two possible clock transitions in Lu®, an
electric quadrupole transition (E2) near 804 nm, and a
magnetic dipole transition (M1) near 848 nm. The lat-
ter clock transition can be detected with a second laser
near 646 nm. Optical pumping of the ground state is
accomplished with two lasers near 622 nm and 350 nm.
These measurements were performed with "Lu™, but
could similarly be performed with ""Lu*. The hyper-
fine splitting will be different, due to the different nuclear
spins (7 for "Lu and 7/2 for !""Lu) as well as different
magnetic moments. A better comparison is stable '"Lu
which has a very high natural abundance and same nu-
clear properties as !""Lu. Alternative ion clocks with
radioisotopes are '%°Er or 1">Yb with half-lives of 9.375
days and 4.185 days respectively.

Radium.— We now consider Radium-223 (??3Ra).
This is a pure alpha emitter, decaying to 2!°Rn with a
half-life of 11.43 days. 223Ra is actually used in medicine
as 223Ra-Chloride to treat metastatic prostate cancer
that has spread to the bone marrow. It is produced in
the decay chain of 227 Ac, which in turn is produced by
proton spallation of 232Th or by neutron irradiation of
2265

Experiments to date have been performed on singly-
ionized ?26Ra which was confined in a RF Paul trap and
spectroscopic measurements were reported in a series of
papers [14, 15]. A schematic showing the energy levels
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FIG. 2. The level structure of Rat with two possible clock
transitions.

and transition wavelengths is shown in Fig. 2. These are
electric quadrupole transitions at 728 nm and 828 nm.

Theory.— In this section, as an example of a theory
where atom aging is possible, we compute the effects of
the non-linear quantum mechanical evolution proposed
in [5] on the electronic state of an ion. This modifica-
tion preserves causality, energy conservation, and gauge-
invariance of the theory, as well as ensuring that quantum
states have a conserved norm. A detailed description of
[5] is beyond the scope of this paper and thus we will
summarize the physics that is of direct relevance to this
experiment. In this theory, the non-linear evolution of
a quantum state |x) is constructed on top of the lin-
ear quantum mechanical interactions that already exist
in the theory. In this paper, we consider effects arising
from electromagnetism and QCD. While it will turn out
that ion clocks are not the best tests of this non-linear
modification, the intent of this section is to show that
the concept of atom aging can arise in a consistent mod-
ification of quantum mechanics.

Electromagnetism.— To incorporate non-linear evo-
lution, in the path integral of electromagnetism, the
interaction eA,J* between the electromagnetic field
A, and a current J* is modified to: eA,J* —
e (A, + e (x|Aulx)) J*, where €, is the parameter that
quantifies the degree of non-linearity for electromagnetic
fields and e is the electric charge. In the perturbative de-
scription of this theory, the leading order (i.e. O (ey))
effects of the non-linearity are computed by treating
(x|A.lx) as a background classical field in the path in-
tegral after gauge fixing, with (x|A,|x) computed at the
zeroth order i.e. using the linear quantum evolution of
the theory.

This modification to the path integral implies that the
time evolution of an ion in the quantum state |x) is:
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where H, is the usual linear quantum mechanical Hamil-
tonian and (x|Ap|x) is the expectation value of the
Coulomb potential (Ag) of the electromagnetic field in
the full quantum state |x) of the ion.

A key aspect of (1) is that the state |y) represents
the full quantum state of the ion, both its electronic and
center of mass degrees of freedom. This is unlike the case
of linear quantum mechanics where the time evolution of
the electronic state of an ion can be decoupled from the
evolution of its center of mass. Such a separation is not
possible in non-linear quantum mechanics.

For the purpose of estimating this effect, we ideal-
ize the experimental setup by considering an ion that
is trapped within a size [. We estimate the effect pertur-
batively in e, - thus, to estimate the non-linear effects to
O (ey), it is sufficient to know the quantum state |xo) to
zeroth order in e, 4.e. in standard quantum mechanics.
This state is:

o (1)) = e % [r) + V1 — e Ttyp) (2)

Here T is the decay rate of the ion, |¢r) the full wave-
function of the trapped ion and |[¢r) the wave-function
of the daughter ion. We work in the limit where the
daughter ion is not trapped in the potential. In this
limit, the daughter ion freely leaves the trap and thus
its contribution to the potential in the trap is negligible.
The Coulomb potential (xo|Ao|xo) is:
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The electron in the ion thus experiences this time
dependent potential which becomes exponentially small
over time ¢ > % This potential acts as a background
electric field
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which shifts the energy levels of the ion via a second

order Stark shift. This second order energy shift AE is
of order:

AE = E% ap (5)

where ap is the polarizability of the ionic state. Since the
norm of the state |xo) becomes exponentially small after
a time ¢ 2 &, the electric field in (4) and the associated
energy shift in (5) will vanish after a time ¢ Z +. Thus,
by comparing the electronic energy when the ion was first
produced to the energy after time t 2 %, we may look for

evidence of atom aging produced as a result of non-linear
quantum evolution.

For this energy shift to be visible in an ion clock setup,
the energy shift (5) must give rise to a phase shift d¢
between different electronic states of the ion. This phase
shift is:

§¢ = B3 AapT (6)

where Aap is the difference in the polarizability of the
different electronic states of the ion and T is the interro-
gation time of the experiment.

Ion clock states are specifically chosen so that Aap
is small, in order to minimize backgrounds from stray
electric fields and blackbody clock shifts. Since the
non-linear electromagnetic effect also appears as a back-
ground electric field Eyy, the effect of these non-
linearities in ion clock setups are significantly suppressed
by design.

As a result of this suppression by design, this setup
is not a particularly potent probe of the electromagnetic
effects described in [5]. One may estimate the value of
€4 that can be probed by this setup by comparing the
value of the non-linearly produced electric field Enp with
typical blackbody electric fields ~ kV/m, yielding e, Z
107° (10 lnm)2. While not as compelling as other probes
of [5], this potential limit on e, is still many orders of
magnitude better than the model independent limit from
measurements of the Lamb shift on this parameter. It
also serves as a proof of concept of how the phenomenon
of “atom aging” can arise in a logically consistent theory.

QCD.— The experiments proposed in this paper are
at low energies. It is thus appropriate to first describe
non-linear quantum mechanical terms using the low en-
ergy degrees of freedom of QCD. We comment on the UV
completion at the end of this section. At low energies,
the relevant QCD degrees of freedom are nucleons and
mesons such as the pion and the rho-meson. To incor-
porate non-linear evolution, in the path integral of nu-
clear physics, the interaction gn¥¥ between the neutral
pion 7 and a nucleon ¥ gets modified to (for example):
gmUU — g (7 + en{(x|7|x)) YV where ey is the strength
of the non-linearity in the nucleon and g the pion-nucleon
scalar coupling.

In the presence of this non-linear term, a nucleus
spread over a distance [ in a trap sources a classical pion
field m:

gAen
Tel ™~ l3m3r’ (7)

where m, is the mass of the pion and A the atomic num-
ber. This classical field shifts the mass of a nucleon by
AM where

92A2€N

AM = gTel ~ 1Bm2

(®)



Similar to the derivation of (4), this mass shift is also
time dependent when the nucleus undergoes decay, prov-
ing that the concept of atom aging can be extended to
nuclear decays as well.

How can this shift to the nucleon mass be measured?
In the ion-clock setup, a shift to the mass of a nucleon
will appear as an isotopic correction to the energy levels.
Due to the suppressed nature of the isotopic correction
(~ GHz), it can be verified that with current (~ mHz)
sensitivities to energy shifts, these effects are not visi-
ble in ion clock setups. This effect is also suppressed in
canonical Mossbauer setups since these involve isomeric
transitions that by design result in the daughter nucleus
existing in the same lattice state as the parent. Thus,
there isn’t a significant change to the classical pion field
e as a result of the decay. However, the effect is signif-
icant in nuclear decays where the daughter nucleus gets
kicked out of the spatial location of the parent - but,
these small mass changes are difficult to detect in such
systems.

The best system to observe this particular effect is
likely to be ion (or possibly, atom) interferometers where
the ion is placed in a spatial superposition. In such a
setup, the nuclear effects considered here will shift the
mass of the nucleus in an arm by an amount proportional
to the intensity (or contrast) of the arm, leading to an
intensity dependent phase shift in the experiment. We
leave a detailed analysis of this measurement for future
work.

We now sketch how the low energy non-linear QCD
interaction described above can arise from the high en-
ergy theory. At high energies, the degrees of free-
dom are quarks ¢ and gluons A%. To incorpo-
rate the non-linearity, we modify the path integral
of QCD to change the interaction term gzAjgy'q —
93AG (Ty"Tq + €4 (x|q7*T*q|x)) where g3 is the gauge
coupling of QCD and ¢, is the strength of the non-
linearity in QCD. It can be checked that the path in-
tegral thus obtained is gauge invariant. For simplicity,
we have taken €, to be flavor universal. A nucleon is

a color neutral object and thus to produce the effective
nucleon-pion coupling described above, it requires a two
gluon insertion, one of which is sourced by the non-linear
terms.

Conclusions.— In this paper, we have described a
setup to search for the aging of an atom where the time
evolution of an unstable atom causes its properties to
change over time. This effect is absent in quantum me-
chanics and this proposal is thus a null test to search for
deviations from quantum mechanics. We showed that
such effects are present in non-linear modifications to
quantum mechanics such as the framework described in

[5].

While this phenomenon is present in [5], one drawback
of the proposed test of atom aging for electromagnetism is
that ion clocks are designed to suppress background elec-
tromagnetic fields, which is the signal of the non-linearity.
Non-linear effects tied to QCD can shift the mass of the
nucleus and these can change the properties of decaying
nuclear states, thus showing that the concept of atom ag-
ing can also be extended to nuclear physics. Beyond the
specific setup of [5], it is interesting to ask if the concept
of atom aging manifests itself in other frameworks that
have attempted to modify quantum mechanics such as
the more general Lindlad evolution suggested in [2] or in
other approaches [16-18].
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