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We derive a Hamiltonian for the external and internal dynamics of an electromagnetically bound,
charged two-particle system in external electromagnetic and gravitational fields, including leading-
order relativistic corrections. We apply this Hamiltonian to describe the relativistic coupling of the
external and internal dynamics of cold ions in Paul traps, including the effects of micromotion, excess
micromotion, and trap imperfections. This provides a systematic and fully quantum-mechanical
treatment of relativistic frequency shifts in atomic clocks based on single trapped ions. Our approach
reproduces well-known formulas for the second-order Doppler shift for thermal states, which were
previously derived on the basis of semiclassical arguments. We complement and clarify recent
discussions in the literature of the role of time dilation and mass defect in ion clocks.

I. Introduction

Optical ion clocks [I] have shown systematic un-
certainties below 10718 [2]. This fulfills an early pre-
diction of Dehmelt [3] and achieves an important
milestone on the way towards a possible redefinition
of the SI second [4]. Clocks at this level of uncer-
tainty open the way to many applications, such as
relativistic geodesy [BHIT], tests of general relativ-
ity [I2HI4], and explorations of physics beyond the
standard model [I5]. At the same time, systematic
relativistic frequency shifts and their uncertainty
play a significant and even dominant role [I6H22].
This concerns in particular the special-relativistic
second-order Doppler shift —v2/2¢?, which accounts
for moving clocks ticking slower than stationary
clocks, and the general-relativistic gravitational red
shift [I]. Both shifts can be seen as an effect of
time dilation, which occurs when the proper time
measured by the clock atom along its world line is
Lorentz transformed into the reference frame of the
laboratory or that of another distant clock. This
reasoning is entirely correct and rigorous, but im-
plicitly assumes a semiclassical approach in which
the center of mass motion of the atom is ascribed a
classical world line and only its internal (electronic)
degree of freedom is treated quantum mechanically.

An alternative perspective can be gained by plac-
ing not time dilation but the mass defect, i.e. the
equivalence of internal (binding) energy and exter-
nal (kinematic as well as gravitational) mass, at the
center of reasoning [23]. Already from treatments of
the Mossbauer effect [24] 25], it is known that the
mass defect gives rise to a frequency shift of inter-

nal transitions that is equivalent to the second-order
Doppler effect. In the context of ion clocks, this
equivalence was pointed out recently in [26]. The
advantage of this perspective is that the mass defect
can be represented by a simple Hamiltonian cou-
pling between electronic and center of mass (COM)
degrees of freedom (DOFs), which is treated as a
relativistic perturbation to the standard Hamilto-
nian of non relativistic quantum optics. The ba-
sic formulas of the known relativistic corrections
can then be reproduced on the grounds of this per-
turbed Hamiltonian, as shown in [27, 28]. Treat-
ments based on the mass defect, however, also led
to considerations of possible new types of system-
atic shifts [27], and alleged fundamental limits on
the accuracy of atomic clocks [29], beyond what is
known from time dilation. Apart from these dis-
parities, approaches relying on the mass defect have
not yet obtained a rigorous treatment of the micro-
motion and excess micromotion, which are known
to play an important role in relativistic frequency
shifts in trapped ion clocks [I6} 20]. Moreover, while
these approaches have the potential to provide a
fully quantum-theoretic picture of relativistic shifts,
there does not appear to be a self-contained deriva-
tion of the perturbed Hamiltonian that covers the
case of a trapped ion to date.

We set out here to give a systematic derivation of
the Hamiltonian for an ion in external electromag-
netic and gravitational fields, including relativistic
corrections involving external and internal DOFs,
building on [30, BI]. We apply this Hamiltonian
to the context of an ion clock and give a rigor-
ous quantum-mechanical derivation of the relativis-



tic frequency shifts. Including the effects of micro-
motion and excess micromotion in the framework of
Floquet theory [32H36], we reproduce, for the special
case of thermal states of motion, the shifts known
from [16] 20]. Further frequency shifts or fundamen-
tal limitations do not arise.

The derivation of the Hamiltonian closely follows
that in [30, BI] and merely extends this work to
composite systems with nonvanishing total charge.
Starting from the classical Lagrangian of an electro-
magnetically bound two-particle system, this deriva-
tion establishes the mass defect as the only rele-
vant relativistic correction to the standard quantum-
optical Hamiltonian which couples COM and inter-
nal DOFs. The thus corrected Hamiltonian strictly
refers to the laboratory frame and completely covers
all relativistic frequency shifts. A further correc-
tion of time dilation is unnecessary. The quantum-
mechanical description developed here also covers
the effects of zero-point fluctuation as well as ar-
bitrary other quantum states of motion. We hope
that the logic developed here will prove useful also
in other, more complex systems, such as multi-ion
clocks or optical lattice clocks, to obtain a stringent
analysis of special and general relativistic effects.

The article is organized as follows. In Sec. [l we
treat the derivation of the approximate relativistic
Hamiltonian. Building on this, we apply the Hamil-
tonian in Sec. [[I] to the problem of a single ion in
a Paul trap and draw conclusions regarding system-
atic shifts in frequency metrology. We summarize in

Sec. [[V]

II. Hamiltonian of a charged composite system
in external electromagnetic and
gravitational fields

In this section we summarize the derivation of
the Hamiltonian for an ion coupled to external elec-
tromagnetic and gravitational fields including first-
order relativistic corrections. Special focus is put on
relativistic coupling of internal (relative) and exter-
nal (COM) DOFs. We adopt the model of Sonnleit-
ner and Barnett [30] for a hydrogenlike atomic ion as
an electromagnetically bound two-body system com-
posed of a core (charge e; and coordinates ry) and
an electron (es and ry). In contrast to Sonnleitner
and Barnett, we allow for a nonvanishing net charge
Q = e1 + es # 0 and take into account a nonzero
gravitational field. For the latter we follow the treat-
ment of Schwartz and Giulini [3I], who extended
the calculation from Sonnleitner and Barnett by a
weak gravitational background field described by the

Eddington-Robertson parametrized post-Newtonian
(PPN) metric, thus covering first-order relativistic
corrections to the Minkowski metric. The notation
used in this section corresponds to that of [3I]. In
the following, we only present the most important
steps and results of the calculation. We present the
main differences our work and the aforementioned
derivations in Appendix [A]

We note that the mass defect Hamiltonian can be
derived also on other grounds, based, e.g., on effec-
tive field theory for composite systems [23], [37] or on
approaches to formalize time dilation within quan-
tum theory [38, B9]. The account of [30, BI] that
we follow here proceeds in the spirit of conventional
atomic structure calculations and has the benefit of
systematically providing all relevant relativistic cor-
rections, not just the mass defect. Relativistic cor-
rections due to spin are not covered here, however,
and would require suitable extensions of treatments
of composite particles based on the Dirac equation
along the lines of [40} [41].

A. Classical Lagrangian and quantization of a
composite system

Our starting point is the classical Lagrangian for
two particles interacting with the electromagnetic
field

L= =Y mic\/—gu(r:)itsy (1)
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Here the first line gives the Lagrangian for the
point particles and the terms in the second line rep-
resent the interaction of the electromagnetic field
and the particles and the Lagrangian of the elec-
tromagnetic field, respectively, which is obtained
by minimally coupling the special-relativistic action
for electromagnetism to a general space-time met-
ric [3I]. We use four-vector notation, with g, (r)
being the metric tensor, g(r) its determinant, J#(r)
the electric four-current, A, (r) the electromagnetic
four-potential, and F},, (r) the field strength tensor.
Bold symbols denote three-vectors. The Eddington-
Robertson metric is defined with respect to the
Minkowski metric as the background structure and
has the form [31]
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All off-diagonal components vanish for a flat back-
ground metric up to O(c~?). The scalar Newtonian
potential is denoted by ¢(r). We include here also
the Eddington-Robertson parameters 3 and v which
account for possible deviations from general relativ-
ity and fulfill 5 = v =1 in general relativity.
Following [31], the Lagrangian (/1)) is written in the
Coulomb gauge and expanded in inverse powers of
¢, maintaining terms up to second order. The cor-
responding classical Hamiltonian function is quan-
tized canonically, which yields the approximately
relativistic Hamiltonian operator for two charged
particles minimally coupled to the electromagnetic
field
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We define f)7 = IA)z - EiAJ‘ (f‘z), r = f‘l — f'g, and
# = |f|. The electromagnetic three-potential AL (&)
(transverse in the Coulomb gauge) and the electric
potential @ (f) are taken as classical variables de-
scribing externally applied fields El We refer the
reader to [31] for a comprehensive derivation of this
result. The first line in Eq. is the nonrelativistic
Hamiltonian; the following lines give the dominant
relativistic corrections.

B. Hamiltonian for internal and external DOF

The Hamiltonian (3)) is now subjected to a Power-
Zienau-Woolley transformation to change to the
multipolar representation of the light-particle inter-
action. Without relativistic corrections, the result-

1 This has to be understood in the sense of a mean-field treat-
ment with respect to an externally applied electromagnetic
field. The effects of the radiation reaction such as sponta-
neous emission or Lamb shifts are lost in this approxima-
tion.
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ing Hamiltonian can be separated into terms refer-
ring to internal and external DOFs corresponding
to COM and relative coordinates. However, with
relativistic corrections, these coordinates no longer
separate the two DOF fully, so after this change rel-
ativistic variants of these coordinates have to be in-
troduced. Since a system’s energy content is part of
its inertia, the proper way to discuss this problem
should be to express the Hamiltonian in the center
of energy frame, but this is not a canonical transfor-
mation, as is explained in [30]. Nevertheless, there
exists a choice of coordinates via a canonical trans-
formation that allows separation of COM and rel-
ative dynamics up to our order of approximation,
as shown by Close and Osborn [42] for the case of
neutral systems () = 0. We can show that this trans-
formation can be generalized to the case @ # O(see
Appendix , and these will be the coordinates that
we will use from now on.

In terms of these coordinates the Hamiltonian can
be written as

H= Hcom + Hint + Hat-emf + Hmetric + Hmass defe&ct)a
4
where ﬁcom refers to COM and ﬂim to internal DOF
only. The interaction of the atom with the external
electromagnetic field is described by Hat.ems. The
relativistic coupling of internal and COM dynamics
is covered by the two terms H metric and a mass defect -
In the following we will give the explicit form of all
these terms in the relevant limit mqy > mo.
The first contribution in (4)) is the COM Hamilto-
nian
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given by
’7(0) fﬂ
H\) =—+M
O = 5o + MO(R), (6)
~ 2
.\ 1 P2 2v+ 12 N2
1) _— _ Ll il .
Heom 2M c? (2M> 2M c? P-¢(R)P
M(p(R))?
+ (2 - ) MR @

which are the nonrelativistic COM Hamiltonian and
the leading relativistic corrections, respectively. We

c'Aleﬁne tpe tgtal rest mass M =mq +my and P =
P — QAL(R). The explicit definition of the rel-
ativistically corrected COM variables R and P are
given in Eq. . The COM Hamiltonian in Eq.
corresponds simply to the approximately relativis-
tic Hamiltonian for a charged point particle of mass



M in a gravitational field, minimally coupled to the
electromagnetic field. For later use the COM Hamil-
tonian in Eq. is written in the form Heom (M)
with the total mass M as an argument.

The second contribution in Eq. is the Hamil-
tonian of the internal DOF

ﬁint = Hi(r?t) + ﬁi(r}t)’ (8)
where
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are the nonrelativistic Hamiltonian comprising the
kinetic energy and Coulomb energy and their lowest-
order relativistic corrections, respectively. Here p is
the momentum associated with t and p is the re-
duced mass. Diagonalization of this Hamiltonian de-
termines the electronic energy levels of the atom. Of
course, in a complete description, other well-known
relativistic corrections (e.g., concerning spin) will
contribute to this Hamiltonian too. In the follow-
ing, we assume these to be taken into account in the
diagonalization of Hiyy.

The interaction of the atom with the electromag-
netic field in the dipole approximation is given by

Huypomi = QP®(R) —d - E(R)
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where d = dim12€i (f‘Z — f{) is the electric dipole
moment. The first line includes the electric potential
and dipole energy and the second line represents the
minimally coupled Réntgen term [43]. We suppress
here further contributions involving the electromag-
netic fields in ffother which are given explicitly in
Appendix [A] and are not effective in the configura-
tion of a Paul trap.

Finally, the last two terms of Eq. , ﬁmetric
and f[mass defect, describe the relativistic coupling of
COM and internal DOF and thus are the pivotal
points of the following discussion. The first of these
two terms is
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It is of metric origin and a consequence of space-
time curvature, as is evident already from its propor-
tionality to the PPN parameter « in the Eddington-
Robertson metric in Eq. . We remind the reader
that v = 1 in general relativity. More formally, the
term follows when the Hamiltonian for the internal
DOF is written in terms of distances measured with
respect to the metric given in Eq. and expanded
up to O(c™%),
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Here summations run only over the spatial indices
i,j = 1,2,3. We refer to the recent work of Zych et
al. [44] for a more detailed discussion and references
to previous literature discussing the metric correc-
tion Hmetric-

As a consequence of the virial theorem, the metric
correction turns out to be purely off-diagonal
in the basis of stationary states with respect to the
internal Hamiltonian Hj,; in Eq. . This can be
inferred from the identity
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Since the average of the left-hand side with respect
to eigenstates of Hj, vanishes, the same holds for
the right-hand side and thus also for Eq. . Fur-
ther constraints on the off-diagonal matrix elements
can be concluded from noting that Hpetric is rota-
tionally invariant. We do not go into further detail
on this since the off-diagonal form of the metric term
makes it ineffective as far as energy-nondegenerate
states are concerned. For this case it can be ne-
glected in a rotating-wave approximation with cor-
rections scaling as ¢~ 4.

The second term describing relativistic coupling
of COM and internal DOF is

A
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It can be interpreted as a result of the mass defect
of the COM DOF due to the binding energy of the
internal DOF. This interpretation is supported for-
mally by the observation that, up to correction of
(9(0_4)7 the term Hpass defect Canl be absorbed in the
COM Hamiltonian

ﬁcorn(M) + ﬁmass defect = Acorn(M + %) (15)



We remind the reader that Heom(M) is defined as
a function of M in Eq. . Thus the COM mass
M is effectively corrected by the mass defect and
replaced by M + % We note that the expression
on the right-hand side of Eq. is often used as
a justification of the mass defect term on the left-
hand side as, e.g., in the context of ion clocks [26}-
28]. We would like to stress that it is the left-hand
side of Eq. that justifies the right-hand side in
order ¢~2, which is derived ab initio from Eq.
following [31].

When At (f{) = 0 an alternative and no less jus-
tified interpretation of ﬁmass defect 18 that of a shift
of the internal energies due to the gravitational red-
shift and due to the second-order Doppler effect, as
is evident from
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up to order O(c™*), where V corresponds to the ve-
locity of the COM. These corrections are often added
on a semiclassical basis as a result of time dilation
when transforming from the COM rest frame to the
laboratory frame [I]. We emphasize that the rel-
ativistic correction thus accounts equally and
fully for the time dilation due to the gravitational
redshift and the second-order Doppler effect.

In the following, it will be useful to rewrite this in
the form

. . N 1 OHeom (M
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which is also valid in the presence of a magnetic vec-
tor potential. In the last step we performed a two-
level approximation by restricting the description to
two stationary bound states |g) and |e) with (nega-
tive binding) energies hv, and hv,, respectively, and
a transition frequency wy = 2wy = 27 (ve — vg). In
these eigenstates and energies, we consider the rel-
ativistic corrections from Eq. already included.
We defined the operator corresponding to the frac-
tional frequency shift

60 1 OHeom(M

- — ?wi() (18)

vy oM
and implicitly absorbed a constant energy offset in
the internal Hamiltonian. In the next section we will
show that relativistic corrections due to coupling of

internal and external DOFs in precision spectroscopy
and frequency metrology can be discussed entirely
on the basis of the fractional frequency shift operator

in Eq. .

ITII. Relativistic coupling of internal and
external DOF in ion clocks

In this section we consider an optical clock based
on a single ion in a Paul trap. That means we have
to apply the relativistically corrected Hamiltonian
in Eq. to the specific case of a charged compos-
ite particle subject to several external fields: first an
external time-dependent electric potential realizing
the confinement ®(R, t), second a weak gravitational
field ¢(R), and third pulsed laser fields E(R, t) driv-
ing the internal transition. In a Paul trap there is

no vector potential, so we can replace P by P in
Eq. . The resulting Hamiltonian for a Paul trap
including the relevant relativistic corrections is

H = Heonm (M) + M&Z (1 + 51/) —d-E(R,t),
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(19)

where the fractional frequency shift is given in
Eq. 7 and we collect all terms referring to the
COM DOF in
N P2 N .

Heom(M,1) = or + MO(R) + Q 2(R,2). (20)
Here we neglect or suppress the following relativis-
tic corrections. (i) Terms in Eq. (7)) affecting the
COM DOF only are negligible for the small COM
velocities of a cold ion and will affect the internal
DOF in order 1/¢* only. (ii) In contrast, the corre-
sponding terms of the internal DOF in Eq. are
significant and contribute to its fine structure. We
consider these terms to be absorbed in the internal
states and energies. (iii) The metric term in Eq.
is dropped in a rotating-wave approximation, as ex-
plained earlier. (iv) The Rontgen term in the atom-
field interaction scales as P/Mc and is negligible
for a cold ion. Furthermore, it merely rescales the
Rabi frequency of the pulses in a Ramsey interroga-
tion (to be discussed in the next section) and will be
compensated by their proper calibration.

A. Ramsey spectroscopy

For frequency spectroscopy, we treat a Ram-
sey interrogation scheme [45] which amounts



to a sequence of unitary evolutions |ou:) =
Ur(wrTr)U(TR)UR(0) [¢hin) where Yoyt (in)) is the
final (initial) state of internal and external DOF. For
now, we consider pure states without loss of general-
ity. Here Ug(p) denotes the unitary during a Ram-
sey laser pulse, where ¢ is the laser phase with re-
spect to the atomic reference. Since such a pulse can
be considered instantaneous compared to the dura-
tion T of the Ramsey interrogation time, we neglect
the mass defect during a Ramsey pulse. Therefore,
Ur(p) = exp(—i% (— cos g6y + sin p6,)) and the
laser phase in the second Ramsey pulse is ¢ = w;Tx.
During Ramsey interrogation, the ion evolves in the
dark according to U(Tg) = exp(—iHTg) with the
Hamiltonian in Eq. where E(R, t) =0. In Ap-
pendix [B] we provide details on how this is evaluated.

After the second Ramsey pulse, the ion’s inter-
nal state population &, is measured with average
(09" = {(thous|62|Pous) and deviation AgoUt. For
repeated measurements at a particular value of the
detuning Ay = wp — wy the variance of the in-
ferred frequency deviation of the clock laser from
the atomic reference follows as

()t = (Bo2)" o8’ [(Ay +(02)) Te] Ao

‘ig?"w ? 7 (02)?Tsin® [(Ap + (60)) Tr]

sin? [(Ar + (6&)) Tr] Aaz + T3u?sin? (ALTR)
(0,)2T% sin? [(AL + (&) TR

(21)

This formula generalizes Eq. (20) from Ref. [45]
for the mass defect. We define the mass defect
(time dilation) shift in angular frequency 6& = 27D
and the variance associated with the mass defect
u? = (§0?%) — (6)?. Averages in Eq. concerning
the internal DOF are taken with respect to the ini-
tial state |¢i,). In standard Ramsey spectroscopy,
(0.) = —1 and therefore Ao? = 0 and Ao, = 1.
Furthermore, the expression for the inferred fre-
quency deviation holds in leading (quadratic) order
of the mass defect shift in both the numerator and
denominator of Eq. . Averages of @ have to be
understood with respect to the COM state, aver-
aged over the interrogation time in the interaction
picture with respect to the COM Hamiltonian, that
is, Eq. . This time average makes a nontrivial
contribution only when the COM is in a nonstation-
ary state and drops out when it is in a stationary,
e.g., thermal, state.

Equation implies that the Ramsey resonance
curve is shifted by (6@) and exhibits a projection
noise slightly increased by uw. Thus, in order to eval-
uate the magnitude and relevance of these effects

it is sufficient to consider the statistics of the opera-
tor corresponding to the fractional frequency shift in
Eq. with respect to a given COM state. We note
that the Feynman-Hellmann theorem can be conve-
niently used when evaluating the average systematic
frequency shift with respect to an eigenstate [i) of
the COM Hamiltonian with eigenenergy E, (M),

B. Quantum theory of an ion trap

For a rigorous discussion of the statistics of the
fractional frequency shift, we briefly recapitulate
the quantum theory of an ideal Paul trap follow-
ing closely the notation of Leibfried et al. [33]
and adapting the quantum-mechanical treatment by
Glauber [32]. Further below we will consider also
corrections to the potentials in an ideal Paul trap
(such as spurious dc electric fields and gravitational
sack).

The potentials of a Paul trap contain direct cur-
rent and alternating current components ®(R,t) =
®ae(R) 4+ Pac(R, 1), which at the trap center have
the form of quadrupole fields

Bae(R) + Doo(R, 1) = %RTUf{ + écosmt)fm R.

(23)
Here 2 corresponds to the trap frequency and U and
U are the dc and ac components of the quadrupole
field tensors, respectively, and therefore correspond
in general to symmetric traceless matrices. For
an ideal trap geometry they are diagonal, U =
Updiag(ay, as, a3) and U = Updiag(af, af, o) with
dimensionless coefficients «; and «}. The resulting
COM Hamiltonian (neglecting gravity for the mo-
ment)

A
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Hcom(Ma t) = m + Q(P(R7 t) (24)
is explicitly time dependent and periodic with period
T = 27/Q). We assume a stable trap configuration
which supports quasistationary eigenenergy states
In,t) satisfying the generalized eigenvalue problem
[341-36]

(Hcom(M, t) — mat) In,t) = En(M)|n,t). (25)

For the reader’s convenience we summarize the so-
lution of this eigenvalue problem in Appendix [C}



The states |n,t) labeled by n = (ny,n2,n3) are
T-periodic Fock states whose time dependence ac-
counts for the micromotion. The corresponding
eigenenergies are

En(M) = imi(M) (m + ;) (26)

The motional eigenfrequencies, or trapping frequen-

cies, are w;(M) = Q&T(M)7 where 82(M) ~ a;(M) +

2
L2 (2M ) is determined by the dimensionless Mathieu
parameters a; (M) = 46\2/[%’20” and q;(M) = 2%]&3’ in

lowest order |a;|,q7 < 1.

In the following, it will be important to note that
the generalized Hamiltonian on the left-hand side
of Eq. . has to be considered as acting on an
enlarged Hilbert space Hr = Lo(R?) ® T, where T
is the space of T-periodic functions of time. We take
care to construct the quasienergy eigenstates |n,t)
within this space. As shown in Appendix[C] the Fock
states are generated in the usual way by acting on
a ground state |0,t) € Hr with creation operators
which are adjoint to the annihilation operators

iefiwit
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This expression is given in lowest order |a;|,q? < 1.
Here both e ®ifu,(t) ~ (1+ % cos(Q))/(1+ %)
and e~wilq,(t) are T-periodic functions. These op-
erators obey equal-time bosonic commutation rela-
tions [a;(t), &;r(t)] = 0;;. The ground state is deter-
mined by a;(t) ]0,t) =0 for i = 1,2,3. We refer the
reader to Appendix [C] for details.

When evaluating the effects of relativistic correc-
tions it will be necessary to calculate matrix ele-
ments of T-periodic operators with respect to T-
periodic states. The corresponding scalar prod-
ucts have to be understood within the enlarged
Hilbert space Hp, and therefore involve a time
average over one period 7. In order to indi-
cate this explicitly7 we write this scalar product

as (Vlp) = & [T dt (W(e)lp(t)) for [¢),]¢) € Mo,
Where (W(t)|p(t)) is the usual scalar product in
Ly(R3).  Accordingly, the average of an operator
A(t) with respect to a state |[¢) € Hpr has to be
understood as

(1) =

(ui(t)]% - Mui(t)]%l-). (27)

1 T
«A»wziié dt (W()[A@)[(E),  (28)

where
Lo (]R3 ).

(W) A)|(t)) is the average value in

C. Fractional frequency shift due to mass
defect: second order Doppler effect

We are now ready to evaluate the fractional fre-
quency shift due to the mass defect for a given
COM state. Here we will consider in particular Fock
states |n,t) and thermal mixtures of Fock states at
(pseudo)temperatures T; for motion along axis i.
However, the treatment is general and can be ap-
plied just as well to any other quantum state. In
view of Egs. and (18), the fractional frequency
shift of a trapped ion is entirely due to its kinetic
COM energy since

%:_li7 K=—. (29)
Vo Mc? 2M
The operator for the kinetic energy can be expressed
in terms of creation and annihilation operators by
inversion of Eq. (27). In this way, mean values and
uncertainties can be easily evaluated, and the only
integrals that remain to be calculated are those over
the period T of micromotion.
For the average fractional shift due to a COM Fock
state |n,t) the Feynman-Hellmann theorem can be

applied. With Egs. and we find

<<5D>> _ imz(nz+%) 14 q;
[40) n - — 2M62 28.1' —+ ng ’
(30)
in leading order of a; and q?. We refer the reader
to Appendix [C] for remarks on how this expansion
is technically performed here and in all subsequent
formulas. Here the first term corresponds to the
secular motion and the last one to the micromotion.
The fractional shift for a thermal state with average
occupation numbers n = (ny,n9,ng) will have the
same form as Eq. (30) where the Fock state number
n; is replaced by nl = 1/(exp( P ) — 1) In the

high-temperature limit n; ~ % we arrive at

(5. =

This recovers the result of Berkeland et al. [16] [cf.
the first term on the right-hand side of Eq. (30)] on
the second-order Doppler (time-dilation) shift for a
thermal state. In the opposite limit kpT; < hw;,
zero-point fluctuations in both secular and micro-
motion in the quantum ground state still cause a
fractional shift, as follows from Eq. . ) for n; = 0.
Calculating the average of Eq. . directly, that is

kT a; + q>
— 31
Z Mc? 2a; + q?° (31)



(00 /) = —(K)/Mc?, using the algebra of cre-
ation and annihilation operators defined in Eq.
yields the same result in leading order of a; and q
So far, we considered an ideal quadrupole poten-
tial for the trap in the form of Eq. . In real-
ity various deviations from this ideal geometry will
occur and impact the second-order Doppler shift.
In the following sections we will consider additional
linear potentials due to uncompensated dc electric

fields (Sec. [lII D)) and gravity (Sec. [[I1 E)), as well as
(Sec. [II GJ)

spurious electric quadrupole fields

D. Fractional frequency shift due to dc forces
and excess micromotion

Here we consider an additional linear dc elec-
tric potential due to uncompensated stray fields [16]
causing so-called excess micromotion. We include
such a spurious potential by adding to the COM
Hamiltonian a perturbation

Hdc = 7QEdc : Ra (32)
where Eqc = (Edc,1,Edc,2, Edc,3) is the dc electric
field at the trap center.

This problem can still be solved exactly. Just as in
the previous sections, we assume a stable trap config-
uration which supports quasi-stationary eigenenergy
states |n,t),. satisfying the generalized eigenvalue
problem

(ﬁcom(Ma t) - ihat + ﬁdc) ‘Il, t>dc = EﬁC(M
(33)

The modified creation operators generating the Fock
states |n, ) . are derived in Appendix|C} The mod-
ified eigenenergies are E4¢(M) = En(M) + Eq.(M),
where the energy correction due to the dc field does
not depend on the Fock number n and is given by

(34)

We note that this result can also be found by ac-
counting for the perturbation in Eq. in second-
order perturbation theory. This is due to the fact
that the perturbation is time independent and
linear in position and the unperturbed Hamiltonian
is quadratic in position and momentum. Therefore,
the exact energy eigenstates are suitably displaced
Fock states and the quasi energies will be shifted by
a constant quadratic in the perturbation.

) I, t)q -

Thus, the dc electric field causes a fractional fre-
quency shift due to the excess micromotion that can
be evaluated as before using the Feynman-Hellmann
theorem. On top of the thermal shift in Eq. ,
the dc field adds a shift

(), - 5250
2
()

and reproduces again the result of Berkeland et
al. [16]. Here we have used the notation ()),., which
emphasizes that the contribution is the same for all
Fock states, independent of the index n. The frac-
tional frequency shift of a trapped ion in this case is
still entirely due to its kinetic COM energy as shown
in Eq. . With the modified creation and anni-
hilation operators one can easily verify Eq. . via
(60 /vo)) = —(K)/Mc? in leading order of a; and
2

-

E. Fractional frequency shift due to gravity

In this section we consider a contribution to the
fractional frequency shift due to an interplay be-
tween position fluctuations and gravitational red-
shift, as discussed in [2§8]. The coupling to the grav-
itational field is described by adding to the COM
Hamiltonian

fl, = Mo(R), (36)
where we approximate the gravitational potential
in linear order ¢(R) = ¢o + g - R. Here, ¢y is
the gravitational potential at the trap center and
g = (g1, 92, 93)- In this linear approximation, the ef-
fect of gravity can again be taken into account with
the accordingly modified creation operators [cf. Eq.
(C10)].

Including gravity, the fractional frequency shift of
a trapped ion is due to both its kinetic COM energy
and the contribution due to gravity. On top of the
thermal shift in Eq. , gravity adds a shift

o0 K ‘R
w_ K hteR (37)

Vo Mc? c?

This follows from Egs. , , and . In this

case we can write the fractional frequency shift as
<<%>> = <<%>)n +( i’; )g» Where the first contribution




is given in Eq. and
3

ov 4a; +3q? g7 @0
A B N A 0 (38
<< vy >>g ; 4a; + 292 w?c? + c2 (38)

Here we have used the notation (()), to denote the

shift due to gravity. Due to the linearity in R of the
second term in Eq. , this shift is affecting all Fock
states in the same way and therefore is independent
of temperature for thermal states. In the case of a
dc harmonic confinement g; — 0 and neglecting the
background redshift ¢g = 0, we recover the result
of Haustein et al. [28]. The results from the two
preceding sections can be easily combined to take
into account both the dc forces and gravity, which
will lead to some cross terms between the two effects
as shown in Appendix [C]

It is noteworthy that the fractional frequency shift
due to the kinetic energy grows linearly with
the trap frequency (corresponding to an increased
kinetic energy for tighter trapping), while the trap-
dependent contribution due to gravity decreases
quadratically with the trap frequency due to a de-
creased fluctuation in position and therefore also in
potential energy. The trade-off with respect to the
trap frequency has been discussed and optimized by
Haustein et al. [28] in order to minimize the frac-
tional frequency shift. For the parameter regime
of a conventional ion trap, the redshift term
will be smaller than the second-order Doppler shift
(see Fig. (I))). With the present formulas, it is
straightforward to extend this discussion to account
for micromotion. The results are unwieldy and will
be reported elsewhere [46].

F. Variance of the fractional frequency shift

In the preceding section we considered the aver-
age fractional frequency shift which enters the in-
ferred frequency deviation in Eq. as a system-
atic shift of the Ramsey resonance curves. Now we
will address the role of the uncertainty in the fre-
quency shift u? = (60?) — (6@)?, which has been
suggested [29] to pose a fundamental limitation to
the precision of an optical clock. For the case of
standard Ramsey interrogation (where (o,) = —1
and therefore Ac? = 0 and Ao’ = 1) and taking
into account N independent interrogations, Eq.
can be rewritten for the inferred relative frequency

deviation
Aw\? 1 1 u?
— ] == ===+ — 39
(%) =slama) @

]_0719 T T T 11T T T T 11T

T T T &%
4

-

Sv
o

N
Ay

10—20
1072

10722

TR VTS AT H‘\H\h\

Frequency shift

—23 |
10 1 10 102 108

Trapping frequency w; /27 [kHz]

2

Figure 1. Redshift 4 (red dotted line) and total frac-

W2C2
tional frequency shilft7 i.e., redshift plus second-order
Doppler shift %;@7 for n = 0 (solid lines) and
n = 1 (dashed lines) for Al* (thick blue lines), Yb*
(thin green lines), and neutral Sr (thick orange lines)
versus trapping frequency w;. We consider here a static
confinement q; = 0 for simplicity.

which holds to leading order in u2. The first term on
the right-hand side is the projection noise and the
second term accounts for the variance of the frac-
tional frequency shift due to the mass defect.

By means of the ladder operators 7 it is
straightforward to evaluate the latter, and we find
for a thermal COM state

w? (K%, - (K)3
w3 Mact

2

= X;%W) (40)

¢ V.3 d
2a; +q; 4 (2a; + )

This expression is given in leading order of Math-
ieu parameters, taking into account one order more
than in other cases as we are showing a variance and
not the standard deviation. The standard devia-
tion associated with this variance can be interpreted
as the quantum fluctuations of the kinetic energy
AK/Mc?. For evaluating the second moment of the
kinetic energy it is convenient to use (P4); = 3(P2)2
for Gaussian statistics. Note that this identity only
holds for the average in Lo (IR3), as the statistics with
respect to time are non-Gaussian. We caution that
the fractional frequency uncertainty for a COM Fock
state (which is non-Gaussian) looks slightly different
but can still be easily evaluated by means of creation
and annihilation operators.

It is interesting to consider in Eq. the contri-
butions along different directions ¢ in the limit of a

X




pure dc or ac potential. For a dc potential q; = 0,
one finds for a thermal COM state that the standard
deviation in the direction i corresponds to v/2 times
the fractional frequency shift in the same direction.
This agrees with the expectation that without mi-
cromotion the Gaussian statistics entails a variance
Var(K); = 2(K;)” for the kinetic energy along this
direction. For a pure ac potential a; = 0, one finds
instead a standard deviation in the direction ¢ of
the fractional frequency shift of 1/19/8 times the
fractional frequency shift in the same direction. The
slight increase in comparison to a dc potential is due
to micromotion. In the same way, the uncertainty
in the fractional frequency shift can be evaluated for
the contribution of the excess micromotion .

The standard deviation of the fractional frequency
shift u/wg implied by Eq. has the same order
of magnitude as the average second-order Doppler
fractional frequency shift. However, in order to re-
solve the latter, a large number of measurements
N is required to average down the projection noise
[first term in Eq. (39)] to the level of the system-
atic second-order Doppler shift. It is important
to note that in the same course the uncertainty of
the second-order Doppler shift is suppressed by N.
Thus, its contribution to Eq. should not be mis-
interpreted to imply a fundamental limit to the sta-
bility of an ion clock. Rather, the standard deviation
of the fractional frequency shift should be considered
as a (relatively small) correction to the quantum pro-
jection noise of a single measurement on a two-level
system. However, it does imply a limit to the short-
term stability.

G. Effect of additional quadrupole fields

Finally, we address the effect of a spurious electric
quadrupole field. Yudin and Taichenachev [27] sug-
gested that an additional quadrupole field beyond
the ideal dc and ac potentials in Eq. (23)), in inter-
play with the mass defect, could lead to systematic
shifts that have not been considered before. Com-
pared to Eq. , an additional quadrupole electric
field can manifest itself in a shift of the minima be-
tween the ac and dc potentials, a change in their
curvature, and/or a shift in their axes.

In order to take this into account, we choose, with-
out loss of generality, the origin of our coordinates
to coincide with the zero point of the ac contribu-
tion and the coordinate basis to be aligned with its
axes, i.e., with the eigenvectors of U in Eq. .
This leaves the ac contribution unchanged from the
previous sections. The total (intended and acciden-
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tal) dc potential is now expressed in an expansion
around the origin,

~ ~ N 1. ~
Pgc(R) = Py (0) + Eqc - R+ 5RTU R, (41)

— 82¢d6(())
= R,0R;
the ac potential. The @4, (ﬁ) will be a constant shift
in the Hamiltonian and therefore will have no effect.
The linear component can be interpreted as a con-
tribution to the spurious Egq. field studied before in
Sec.[ITD} Finally, without loss of generality we write
U = Updiag(ay, oo, au3) + W, with dimensionless co-
efficients «; and a purely off-diagonal perturbation
W. The diagonal terms determine the potential cur-
vatures and hence the effective trap frequencies, as
in the previous sections. A calibration of the second-
order Doppler effect, based on trap spectroscopy and
thermometry of the COM motion, will thus properly
account for potential deviations of the «; from their
nominal values. It is these changes that were dis-
cussed in [27] in a perturbative account. We thus
agree with Yudin and Taichenachev that a change
in potential curvature can enter the systematics in
relevant magnitude, but notice that these effects are
already taken into account in the operational cali-
bration of an ion clock in the context of the second-
order Doppler effect.

where U;; and 0 stands for the center of

It remains to discuss the effect of axes misalign-
ments. For this, we treat the nondiagonal correction
as a perturbation to the Hamiltonian ,

Hogr—ding = QRTWR. (42)

Assuming for simplicity a nondegenerate spectrum
of motional eigenfrequencies w;, we can employ non-
degenerate perturbation theory [36] in order to eval-
uate the corrections to the energy levels of quasis-
tationary states [n,t) in Eq. (26). Expressing the
position operator R in terms of creation and an-
nihilation operators, it follows immediately (due to
the off-diagonal nature of W) that the first-order
correction vanishes <<ﬁoﬂf_diag>>n = 0. Of course,
the eigenstates will change. In the case of nominal
degeneracies in the trap frequencies the off diago-
nal terms can be treated as a perturbation on the
level of the Mathieu equation, following the treat-
ment shown by Landa et al. [47]. This will lead to
a lifting of the degeneracies, which will again be ac-
counted for in the trap calibration.



IV. Conclusions

In this article we have presented a systematic and
fully quantum-mechanical treatment of relativistic
frequency shifts in atomic clocks based on trapped
ions. We started by deriving an approximate rela-
tivistic Hamiltonian for the center of mass and in-
ternal dynamics of an electromagnetically bound,
charged two-particle system in external electromag-
netic and gravitational fields. We applied this
Hamiltonian to an ion in a Paul trap, including the
effects of micromotion, excess micromotion, and trap
imperfections. We recovered results known from
semiclassical treatments based on time-dilation ar-
guments. The Hamiltonian ab initio treatment given
here avoids the need for ad hoc arguments based on
time-dilation or mass-defect corrections. It provides
a solid basis for applications to more complicated
systems, such as atom clocks based on ion crystals
as well as neutral lattice clocks. It would be desir-
able to account for spin, along the lines of [40] [41]

but taking into account the gravitational field.

Acknowledgments

We acknowledge support from Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy
— EXC-2123 QuantumFrontiers — 390837967, and
Project-1D 274200144 — SFB 1227 (DQ-mat, project
A05, A06 and B03). This project has received fund-
ing from the EMPIR programme cofinanced by the
Participating States and from the European Unions
Horizon 2020 research and innovation program.
This work was supported by the EMPIR project
18SIB05 “Robust Optical Clocks for International
Timescales”  This work was also supported by
the Max Planck-RIKEN-PTB-Center for Time,
Constants and Fundamental Symmetries. We thank
Jan Kiethe and Marius Schulte for comments on
early versions of the paper and Philip Schwartz and
Domenico Giulini for discussions.

[1] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and
P. O. Schmidt, “Optical atomic clocks,” Rev. Mod.
Phys. 87, 637701 (2015).

S. M. Brewer, J.-S. Chen, A. M. Hankin, E. R.
Clements, C. W. Chou, D. J. Wineland, D. B.
Hume, and D. R. Leibrandt, “*”Al* quantum-logic
clock with a systematic uncertainty below 10718”
Phys. Rev. Lett. 123, 033201 (2019).

H. G. Dehmelt, “Monoion oscillator as potential ul-
timate laser frequency standard,” IEEE Transac-
tions on Instrumentation and Measurement 1M-31,
8387 (1982).

F. Riehle, P. Gill, F. Arias, and L. Robertsson,
“The CIPM list of recommended frequency standard
values: guidelines and procedures,” Metrologia 55,
188-200 (2018).

C. Lisdat, G. Grosche, N. Quintin, C. Shi, S. M. F.
Raupach, C. Grebing, D. Nicolodi, F. Stefani,
A. Al-Masoudi, S. Dérscher, S. Héafner, J.-L. Robyr,
N. Chiodo, S. Bilicki, E. Bookjans, A. Koczwara,
S. Koke, A. Kuhl, F. Wiotte, F. Meynadier,
E. Camisard, M. Abgrall, M. Lours, T. Legero,
H
Y

2]

. Schnatz, U. Sterr, H. Denker, C. Chardonnet,

. Le Coq, G. Santarelli, A. Amy-Klein, R. Le Tar-
gat, J. Lodewyck, O. Lopez, and P.-E. Pottie, “A
clock network for geodesy and fundamental science,”
Nature Communications 7, 12443 (2016).
J. Grotti, S. Koller, S. Vogt, S. Hafner, U. Sterr,
C. Lisdat, H. Denker, C. Voigt, L. Timmen, A. Rol-
land, F. N. Baynes, H. S. Margolis, M. Zampaolo, P.

11

Thoumany, M. Pizzocaro, B. Rauf, F. Bregolin, A.
Tampellini, P. Barbieri, M. Zucco, G. A. Costanzo,
C. Clivati, F. Levi, and D. Calonico, “Geodesy and
metrology with a transportable optical clock,” Na-
ture Physics 14, 437—441 (2018).

W. F. McGrew, X. Zhang, R. J. Fasano, S. A. Schif-
fer, K. Beloy, D. Nicolodi, R. C. Brown, N. Hinkley,
G. Milani, M. Schioppo, T. H. Yoon, and A. D.
Ludlow, “Towards an international height reference
frame using clock networks,” Nature 564, 87-90
(2018).

H. Denker, L. Timmen, C. Voigt, S. Weyers, E. Peik,
H. S. Margolis, P. Delva, P. Wolf, and G. Petit,
“Geodetic methods to determine the relativistic red-
shift at the level of 107'® in the context of interna-
tional timescales: A review and practical results,”
Journal of Geodesy 92, 487-516 (2018).

T. E. Mehlstdaubler, G. Grosche, C. Lisdat, P. O.
Schmidt, and H. Denker, “Atomic clocks for
geodesy,” Reports on Progress in Physics 81, 064401
(2018).

H. Wu and J. Miiller, “Towards an international
height reference frame using clock networks” In:
International Association of Geodesy Symposia
(Springer Berlin Heidelberg, Berlin, Heidelberg) pp.
1-8L

J. Miiller and H. Wu, “Using quantum optical sen-
sors for determining the Earth’s gravity field from
space,” |Journal of Geodesy 94, 71 (2020).

[10]

[11]


http://dx.doi.org/10.1103/RevModPhys.87.637
http://dx.doi.org/10.1103/RevModPhys.87.637
http://dx.doi.org/ 10.1103/PhysRevLett.123.033201
http://dx.doi.org/10.1109/tim.1982.6312526
http://dx.doi.org/10.1109/tim.1982.6312526
http://dx.doi.org/10.1109/tim.1982.6312526
http://dx.doi.org/10.1088/1681-7575/aaa302
http://dx.doi.org/10.1088/1681-7575/aaa302
http://dx.doi.org/ 10.1038/ncomms12443
http://dx.doi.org/10.1038/s41567-017-0042-3
http://dx.doi.org/10.1038/s41567-017-0042-3
http://dx.doi.org/10.1038/s41586-018-0738-2
http://dx.doi.org/10.1038/s41586-018-0738-2
http://dx.doi.org/ 10.1007/s00190-017-1075-1
http://dx.doi.org/10.1088/1361-6633/aab409
http://dx.doi.org/10.1088/1361-6633/aab409
http://dx.doi.org/10.1007/1345_2020_97
http://dx.doi.org/10.1007/1345_2020_97
http://dx.doi.org/10.1007/1345_2020_97
http://dx.doi.org/10.1007/s00190-020-01401-8

[12] M. Takamoto, I. Ushijima, N. Ohmae, T. Yahagi, K.
Kokado, H. Shinkai, and H. Katori, “Test of general
relativity by a pair of transportable optical lattice
clocks,” Nature Photonics 14, 411-415 (2020).
P. Delva, N. Puchades, E. Schénemann, F. Dilssner,
C. Courde, S. Bertone, F. Gonzalez, A. Hees, Ch. Le
Poncin-Lafitte, F. Meynadier, R. Prieto-Cerdeira,
B. Sohet, J. Ventura-Traveset, and P. Wolf, “Gravi-
tational Redshift Test Using Eccentric Galileo Satel-
lites,” |[Physical Review Letters 121, 231101 (2018).
S. Herrmann, F. Finke, M. Lilf, O. Kichakova,
D. Puetzfeld, D. Knickmann, M. List, B. Riev-
ers, G. Giorgi, C. Giinther, H. Dittus, R. Prieto-
Cerdeira, F. Dilssner, F. Gonzalez, E. Schénemann,
J. Ventura-Traveset, and C. Lammerzahl, “Test of
the Gravitational Redshift with Galileo Satellites in
an Eccentric Orbit,” Physical Review Letters 121,
231102 (2018).
M. S. Safronova, D. Budker, D. DeMille, D. F. J.
Kimball, A. Derevianko, and C. W. Clark, “Search
for new physics with atoms and molecules,” Rev.
Mod. Phys. 90, 025008 (2018).
D. J. Berkeland, J. D. Miller, J. C. Bergquist, W. M.
Itano, and D. J. Wineland, “Minimization of ion
micromotion in a paul trap,” |[Journal of Applied
Physics 83, 5025-5033 (1998).
S. Weyers, V. Gerginov, M. Kazda, J. Rahm, B. Lip-
phardt, G. Dobrev, and K. Gibble, “Advances in the
accuracy, stability, and reliability of the PTB pri-
mary fountain clocks,” Metrologia 55, 789 (2018).
C. W. Chou, D. B. Hume, J. C. J. Koelemeij, D. J.
Wineland, and T. Rosenband, “Frequency compar-
ison of two high-accuracy Al optical clocks,” Phys.
Rev. Lett. 104, 070802 (2010).
N. Huntemann, M. Okhapkin, B. Lipphardt,
S. Weyers, C. Tamm, and E. Peik, “High-accuracy
optical clock based on the octupole transition in
171yb*,” Phys. Rev. Lett. 108, 090801 (2012).
J. Keller, H. L. Partner, T. Burgermeister, and
T. E. Mehlstaubler, “Precise determination of mi-
cromotion for trapped-ion optical clocks,” Journal
of Applied Physics 118, 104501 (2015).
[21] C. W. Chou, D. B. Hume, T. Rosenband, and D. J.
Wineland, |Science 329, 1630 (2010).
[22] T. Bothwell, C. J. Kennedy, A. Aeppli, D. Kedar,
J. M. Robinson, E. Oelker, A. Staron, and J.
Ye, “Resolving the gravitational redshift across a
millimetre-scale atomic sample,” Nature 602, 420
424 (2022).
M. Zych and C. Brukner, “Quantum formulation of
the einstein equivalence principle,” Nature Physics
14, 1027-1031 (2018).
B. D. Josephson, “Temperature-dependent shift of
~ rays emitted by a solid,” Phys. Rev. Lett. 4, 341—
342 (1960).
J.T. Dehn, “On the equivalence of the second-order
doppler shift and the mass-change shift in the moss-
bauer effect,” Physics Letters A 32, 239-240 (1970).

(13]

(15]

(16]

(18]

(19]

20]

23]

(24]

12

[26] J. Keller, T. Burgermeister, D. Kalincev, A. Di-
dier, A. P. Kulosa, T. Nordmann, J. Kiethe, and
T. E. Mehlstdaubler, “Controlling systematic fre-
quency uncertainties at the 107! level in linear
coulomb crystals,” [Phys. Rev. A 99, 013405 (2019).

[27] V. Yudin and A. Taichenachev, “Mass defect effects
in atomic clocks,” Laser Physics Letters 15, 035703
(2018)!

[28] R. Haustein, G. J. Milburn, and M. Zych, “Mass-
energy equivalence in harmonically trapped parti-
cles,” | arXiv:1906.03980 (2019).

[29] S. Sinha and J. Samuel, “Quantum limit on time
measurement in a gravitational field,” Classical and
Quantum Gravity 32, 015018 (2014)!

[30] M. Sonnleitner and S. M. Barnett, “Mass-energy
and anomalous friction in quantum optics,” Phys.
Rev. A 98, 042106 (2018).

[31] P. K. Schwartz and D. Giulini, “Post-Newtonian

Hamiltonian description of an atom in a weak grav-

itational field,” Phys. Rev. A 100, 052116 (2019).

R. J. Glauber, “The quantum mechanics of trapped

wavepackets,” in Laser Manipulation of Atoms and

Ions, edited by E. Arimondo, W. D. Phillips, and

F. Strumia (North-Holland, Amsterdam, 1992) pp.

643—-660.

D. Leibfried, R. Blatt, C. Monroe, and

D. Wineland, “Quantum dynamics of single trapped

ions,” Rev. Mod. Phys. 75, 281-324 (2003).

Ya. B. Zel’Dovich, “The Quasienergy of a Quantum-

mechanical System Subjected to a Periodic Ac-

tion,” Soviet Journal of Experimental and Theoret-

ical Physics 24, 1006 (1967).

V. L. Ritus, “Shift and Splitting of Atomic En-

ergy Levels by the Field of an Electromagnetic

Wave,” Soviet Journal of Experimental and Theo-

retical Physics 24, 1041 (1967).

H. Sambe, “Steady states and quasienergies of a

quantum-mechanical system in an oscillating field,”

Phys. Rev. A 7, 2203-2213 (1973).

[37] C. Anastopoulos and B. Hu, “Relativistic particle
motion and quantum optics in a weak gravitational
field,” arXiv:2106.12514 (2021).

[38] S. Khandelwal, M. P. E. Lock, and M. P. Woods,
“Universal quantum modifications to general rela-
tivistic time dilation in delocalised clocks,” Quan-
tum 4, 309 (2020).

[39] A. R. H. Smith and M. Ahmadi, “Quantum clocks
observe classical and quantum time dilation,” Na-
ture Communications 11 (2020).

[40] K. Pachucki, “Long-wavelength quantum electrody-
namics,” Physical Review A 69 (2004).

[41] K. Pachucki, “Electrodynamics of a compound sys-
tem with relativistic corrections,” Physical Review
A 76 (2007).

[42] F. E. Close and H. Osborn, “Relativistic center-of-
mass motion and the electromagnetic interaction of
systems of charged particles,” Phys. Rev. D 2, 2127—
2140 (1970).

[32]

[33]

[34]

[35]

[36]


http://dx.doi.org/10.1038/s41566-020-0619-8
http://dx.doi.org/10.1103/PhysRevLett.121.231101
http://dx.doi.org/10.1103/PhysRevLett.121.231102
http://dx.doi.org/10.1103/PhysRevLett.121.231102
http://dx.doi.org/10.1103/RevModPhys.90.025008
http://dx.doi.org/10.1103/RevModPhys.90.025008
http://dx.doi.org/10.1063/1.367318
http://dx.doi.org/10.1063/1.367318
http://dx.doi.org/ 10.1088/1681-7575/aae008
http://dx.doi.org/ 10.1103/PhysRevLett.104.070802
http://dx.doi.org/ 10.1103/PhysRevLett.104.070802
http://dx.doi.org/ 10.1103/PhysRevLett.108.090801
http://dx.doi.org/ 10.1063/1.4930037
http://dx.doi.org/ 10.1063/1.4930037
http://dx.doi.org/10.1126/science.1192720
http://dx.doi.org/ 10.1038/s41586-021-04349-7
http://dx.doi.org/ 10.1038/s41586-021-04349-7
http://dx.doi.org/10.1038/s41567-018-0197-6
http://dx.doi.org/10.1038/s41567-018-0197-6
http://dx.doi.org/10.1103/PhysRevLett.4.341
http://dx.doi.org/10.1103/PhysRevLett.4.341
http://dx.doi.org/https://doi.org/10.1016/0375-9601(70)90299-9
http://dx.doi.org/10.1103/PhysRevA.99.013405
http://dx.doi.org/ 10.1088/1612-202x/aa9aa5
http://dx.doi.org/ 10.1088/1612-202x/aa9aa5
http://dx.doi.org/10.48550/ARXIV.1906.03980
http://dx.doi.org/ 10.1088/0264-9381/32/1/015018
http://dx.doi.org/ 10.1088/0264-9381/32/1/015018
http://dx.doi.org/10.1103/PhysRevA.98.042106
http://dx.doi.org/10.1103/PhysRevA.98.042106
http://dx.doi.org/10.1103/PhysRevA.100.052116
http://dx.doi.org/10.1103/RevModPhys.75.281
https://ui.adsabs.harvard.edu/abs/1967JETP...24.1006Z
https://ui.adsabs.harvard.edu/abs/1967JETP...24.1006Z
https://ui.adsabs.harvard.edu/abs/1967JETP...24.1041R
https://ui.adsabs.harvard.edu/abs/1967JETP...24.1041R
http://dx.doi.org/10.1103/PhysRevA.7.2203
http://dx.doi.org/10.48550/ARXIV.2106.12514
http://dx.doi.org/10.22331/q-2020-08-14-309
http://dx.doi.org/10.22331/q-2020-08-14-309
https://doi.org/10.1038/s41467-020-18264-4
https://doi.org/10.1038/s41467-020-18264-4
https://doi.org/10.1103/physreva.69.052502
https://doi.org/10.1103/physreva.76.022106
https://doi.org/10.1103/physreva.76.022106
http://dx.doi.org/10.1103/PhysRevD.2.2127
http://dx.doi.org/10.1103/PhysRevD.2.2127

[43] E. A. Power and T. Thirunamachandran, Pro-

ceedings of the Royal Society of London.

A. Mathematical and Physical Sciences 372,

10.1098 /rspa.1980.0112.

M. Zych, L. Rudnicki, and I. Pikovski, “Gravita-

tional mass of composite systems,” Physical Review

D 99, 104029 (2019).

D. J. Wineland, J. J. Bollinger, W. M. Itano, and

D. J. Heinzen, “Squeezed atomic states and projec-

tion noise in spectroscopy,” |[Phys. Rev. A 50, 67-88

(1994).

V. J. Martinez-Lahuerta, Relativistic corrections

and precision measurements in optical atomic clocks

and trapped ions, Leibniz University Hannover,

Ph.D. thesis.

H. Landa, M. Drewsen, B. Reznik, and A. Retzker,

“Classical and quantum modes of coupled Mathieu

equations,” Journal of Physics A: Mathematical and

Theoretical 45, 455305 (2012).

V. E. Lembessis, M. Babiker, C. Baxter, and

R. Loudon, “Theory of radiation forces and mo-

menta for mobile atoms in light fields,” [Phys. Rev.

A 48, 1594-1603 (1993).

J. D. Jackson, Classical Electrodynamics, 2nd Edi-

tion (Wiley, 1975).

L. D. Landau, [The Classical Theory of Fields:

Volume 2 (Course of Theoretical Physics Series)

(Butterworth-Heinemann, 1980).

[61] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Gryn-
berg, |Photons and Atoms| (Wiley, 1997).

[52] C. Cormick, T. Schaetz, and G. Morigi, “Trapping
ions with lasers,” New Journal of Physics 13, 043019
(2011).

(44]

(45]

(46]

(47]

(48]

(49]

[50]

A. Hamiltonian for ion in external
electromagnetic fields with first order
relativistic corrections

The derivation in Sec. (LI follows the one by
Sonnleitner and Barnett [30] and Schwartz and
Giulini [3I]. In this appendix we highlight the main
differences in the derivation with respect to these
works and show the terms that are obtained for a
charged composite particle system instead of a neu-
tral one. Apart from the differences highlighted
here, the steps of the calculations are the same and
are not affected by having @) # 0. For details of the
calculations, we refer the reader to [30,[31] as well as
to [42, [48]. The textbooks [49H51] are useful sources
for these types of calculations.

One of the main differences arises during the sepa-
ration of COM and relative DOF involved in passing
from Eq. to Eq. . As explained in the main
text, the definitions of internal and external coor-
dinates, COM coordinate R = (mqr; + mars)/M,
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and relativp coordinate T = Iy — 1 with respective
momenta P and P, need to be adjusted in order to
account for relativistic corrections. Suitable canon-
ical transformations have been introduced by Close
and Osborn [42] and employed in [30] for neutral
systems. For a composite system with net charge
Q # 0, we geperalize this transformation by se?king

coordinates R and T with respective momenta P and
p which fulfill
22
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Here we include a minimal couphng of the COM

DOF to the electromagnetic field P = P QAL (R).
In order to still have a canonical transformation, the
definition of the COM momentum involves an ansatz

function f (ﬁ,f’,%, f)) Enforcing canonical com-

mutation relations {ﬁk,f)l] = Fk’ﬁl} = ihdg; and

[ﬁk,f:l} = |:§'k7f)li| =
find
7 (R.P.%5)
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~2
_ T ma P y. (v AL
=R <2Mv~ (r A (R))+Hc>
e1€o SN <
+4moAv ( A (R))]
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In principle, every function g(f{ 15 T p)
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is also a suitable choice besides f. We choose h to
be zero in order to reproduce for Q = 0 the coor-
dinates used in [30]. In the main text we used the
notation of the usual COM coordinates to refer to
the relativistic corrected ones. The only difference
is that the vector potential AL(R) and the scalar
Newtonian potential ¢(R) should be evaluated at
the nonrelativistic COM, but as both change slowly
over the size of the atom, this correction is negligi-
ble and we can use the relativistic corrected variables
instead.

Another major difference arises in the atom-field
interaction Hamiltonian . In the main text we
suppressed a number of terms which are collected in

ot = 3= (45 BER) + 22 (s BR))
*ﬁiﬂ?b @xB®»+H4
+%[p-(fx]§(ﬁ))+Hc]
szémﬂ@xﬁﬁ) (¢ < B®))
(A3)

The Hamiltonian f[other collects all terms which
arise from the magnetic field B. The @ dependent
terms can be interpreted as modifying the electric
dipole d by d’ = d+(u/M)QF in the limit m; < ma.
They cancel the implicit ()-dependence of d such
that d’ is equal to the dipole moment of a neutral
atom (if my < mg) [62]. Terms contributing also for
neutral systems (@ = 0) are reported and discussed
in [48].

B. Time evolution in Ramsey spectroscopy

In this appendix we evaluate the time evolution of
the internal operators according to the Hamiltonian
in Eq. during the free evolution time, that is,
with E(f{, t) = 0. In the Heisenberg picture, the

vector of Pauli operators ¢ evolves as

d . 0 10\
d—&'(t) =(wo+do(t) | -1 0 0] (¢ (B1)
t 001
and the mass defect operator fulfills
L 50(t) = — L[ Heom,50(0], (B2)
dt w = T Heom) w 5
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where ﬁcom is given in Eq. (20)). The solution of this
equation will be denoted by d&(t) and is independent
of the internal DOFs.

We define a time-averaged mass defect operator

1 [Tr
— oo (t),
HA (t)

by which the Pauli vector at the end of the Ramsey
sequence in first order of the mass defect can be
expressed as

7]

(B3)

o

Qp

F(Tr) = R.(woTR) |1 + Trow (0)

o |
—_
o o
= O O

~ R.((wo + 00)Tr)d(0). (B4)

Here R, (0) is the matrix corresponding to a rotation

around the z axis by an angle 6. The second line

holds to first order in the mass defect and should be

understood as shorthand notation for the first line.
The complete Ramsey sequence is given by

Four =UL0) U (TR)UL (wp Tr)FinUr(wr Tr)U(Tr)Ur(0)

—Ra( /2R (e + 32)Ti) By (/20
=R, (wLTR)R,y(ﬂ'/2)RZ ((wo —wyr, + E)TR)

X R_y)(7/2)Gim, (B5)
where 7i = —cos(wrTr)6y + sin(wrTr)G,. From

here it is straight forward to derive Eq. (21). When
taking averages, we assume an initial product state
of internal and COM DOFs. Moreover, for the sta-
tionary COM states considered here, the time aver-
age of the mass defect Hamiltonian drops out.

C. Quantum theory of ion traps
1. Quasi-Energy-Eigenproblem

Here we provide details on the solution to the
generalized eigenvalue problem in Eq. for the
particular case of a Paul trap. Assuming that the
potential is separable, it is sufficient to discuss the
one-dimensional problem. The treatment follows the
one of Glauber [32], which is summarized in [33].
The main deviation from these treatments is that
we strive to identify T-periodic creation and anni-
hilation operators in order to ensure that all states
are elements of the enlarged Hilbert space Hr.

We consider the (zeroth-order) Hamiltonian

P2 "
— + Dwex2,

f{(()) (t) _ : 5
m

(C1)



with a real periodic function Wt + 1) = W(t).
Specifically, we have W (t) = a — 2qcos ({2t) where
a and q denote the so-called Mathieu parameters.
First, we consider the equation i(t) = —W(t)u(t).
By the Floquet theorem, solutions can be con-
structed of the form

u(t) = e*tu(t), (C2)
where 0 < p < Q and v(t +T) = v(t). Fol-
lowing [33], we write this as u = % and v(t) =

S Cane™ In order to relate with the main
text, we have to set 4 = w;. The real-valued coeffi-
cients 8 and Cy,, can be determined as in [33].

We also adopt the normalization condition u(0) =
>, Con = 1, which implies for the time derivative
w0) = iv, v = QY Con(B/2+n). Here u*(t) is
also a linearly independent solution, which is like-
wise assumed to be normalized u*(0) = 1 so that
u*(0) = —iv. The Wronskian w = wu(t)a*(t) —
uw*(t)u(t) is time independent, since w = u(t)i*(t) —

W (Oilt) = —W (et () + W (e (Hu(t) = 0.
Thus w= u(O)u (0) — u*(0)w(0) is fixed by the ini-
tial conditions for the linearly independent solutions
in u(t) and u*(t). For the specific choice made above,
we thus have for all times u(¢)a*(t) — u*(t)u(t) =
—2iv. In lowest order of the Mathieu parameters we
find (cf. [33])

2 1+ 2cos(Ot
d v(t) ~» —2—7 q( )
1+ 3

~

B

, VL.

Based on this solution, we define the explicitly
time-dependent operator (in the Schrodinger pic-
ture)

je~int

vV 2hmv

which effectively depends on the functions v(t) and
©(t) only and therefore is by construction periodic in
time with period T'. Here v is a frequency which will
be chosen later. Note that for ¢ = 0 this corresponds
to the expression for the annihilation operator for a
harmonic oscillator with frequency v, that is, a(0) =
VR X +igg—P.

Due to the constant value of the Wronskian, a(t)
and its adjoint operator af(t) satisfy bosonic com-
mutation relations at equal times [a(t),af(t)] = 1.
The operator a(t) has a unique (up to a global
phase) eigenstate |0, t) of eigenvalue 0, a(t) |0,t) = 0,
which can be constructed by projecting this equa-
tion into the position representation (ihu(t)0, +

a(t) = (u(t)ﬁ - ma(t)f() : (C3)
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mau(t)z) (x]0,t) = 0, giving the normalized solution
1/4 gint/2

w00 = ()" S |3

- (2 e [ (-5 )7

(Ca)
The global phase in (C4)) is chosen so as to make the
state |0,t) periodic with period T' and have |0,t) €
T ® H. The periodicity is evident in the second line.
Using Eq. (C4)), it can be shown by direct calculation
that

pm
2h

h
EO:7“.

(C5)

(gw) (t) — ih6t> 10,) = Eo [0,1),

We easily verify that the creation and annihali-
ton operators satisfy eigenoperator equations with
respect to the generalized Hamiltonian

[AO(t) — inoy, a(t)| = ~hpa(t),

[ﬁ@)(t) — ih, ai(t)} = hua(t).

(C6a)

(C6b)

The bosonic commutation relation and the com-
mutators in are identical to those of a time-
independent harmonic oscillator. Thus, the same
algebra used there can be applied here to show that

B, = mi(n + ;) In, ) = %(at(t))n 10,1).

Here it is crucial to have constructed the annihila-
tion operators to be T periodic, as otherwise the
Fock states would not be proper elements of Hr.
Note that the quasienergy eigenvalues should respect
E, < hQ, which will be violated for some n. How-
ever, for the physically relevant case where u < €,
that is, 8 < 1, this is of no concern practically.

2. Ion trap with linear potential

In order to study both the cases of dc forces and
gravity, we will consider now a trap potential with
a linear potential —F X such that the generalized
Hamiltonian is

A

H(t) = H® — FX —ihd,. (C7)



We seek operators of the form

b(t) = a(t) + al(t), (C8)
which  fulfill ~ the eigenoperator  equation
[H(t),b(t)] = —hub(t), with a T-periodic func-

tion «(t) and a new eigenfrequency i to be
determined. In order for a(t) not to be an operator,
we find that g = p. Therefore, the differential
equation that «(t) needs to obey is

CiFe Wu(t)  iFu(t)
vV 2hmy V2hmv'

Imposing T periodicity on « (t), we find in lowest
order of the Mathieu parameters

G(t) +ipa(t) = (C9)

F { r
Vohmy | @2 — Q2

1 1 5 .4 .
_1+%u(u2—92) (Q +12st1n(Qt)>} .
(C10)

“inty()

a(t) =—
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With this solution we have determined the eigenop-
erator of the trap potential including a linear force.
In the main text, this formalism is applied for each
Cartesian direction ¢ where we need to use the re-
placement F' — F; and p — w; = 3;92/2. In the
case of gravity and a spurious Fg. field this will cor-
respond to F; = QEq4c; — Mg;. This will lead to a
total fractional frequency shift of
*. 8gi (QBac.i — Mg;)

() =G+ T ta v a9
_ (2 (QEac,i — Mg;) qi>2 . (1)

Mc(2a; + q?)

In evaluating this and similar expressions in the
main text it is necessary to deal with fractions of
polynomials in a and q. In order to simplify these
expressions, we associated a small parameter € via
the substitution a — €?a and q — €q, assuming
d%, |a] < 1. Finally, we performed a Taylor expan-
sion of the rational function in terms of € and main-
tained the relevant contributions.
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