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Quantum Eddington Slow-Clock Transport

The phrass Quantum Eddington Slow-Clock Transportsounds unusual, but its meaning becomes clear if we s parate itinto two layers The first layer is Eddington slow-clock transport a classical synchronization method. The
second layer is itsquantum analogue, where the transported clock 1s no longer an ordinary wristwatch buta quantum system, usually a two-level system whess phass evolves in time. In recentquantum-clock-synchronization
litzrature, thisquantum version isoften described using the language of ticking qubits

Classically, the clock-synchronization problem issimple tostate. Alice and Bobare farapart Alice hasa clock, Bob hasa clock, and both clocks tick at the same rate, but they may notagree on the zerooftime. The unknown
quantity is the offsst

0= tHE - tAa

1fE=0, the clocksare synchronized. If8=10 ns Bobsclock is ten nancsaconds ahead of Alice’s The difficulty isthat Alice and Bobcannot simply put their clocks side by side after they have already s= parated. Any comparison over
distance szems to require either sending a signal or physically transporting a clock.

Einstain synchronization usss the first method. Alica sendsa light pulss to Bob, Bob reflects it and Alice assumes that the outward and return travel timesare equal. Eddington slow-clock transport uses the sscond method. Alice
firstsynchronizesa portable clock with her own clock. Then she transports that clock slowly to Bob. When the clock arrives, Bobcompares it with his local clock. Thisavoids the central weakness of signal-based synchronization:
the need to know the message delivery time. De Burgh and Bartlett describe this Eddington protocol exactly in thisspirit Alice synchronizesa portable “wristwatch™ with her own clock, transports itadiabatically to Bob and Bob
compares itwith hisclock toestimate the time difference,

The word slow is not decorative. It is there becauses a moving clock experiences time dilation. In special relativity, if the transported clock moves atspeed v, then its proper time satisfies approximately

dEadimft(1-(ve/( 2em),

when vlle. The moving clock ticksslightly less time than a clock leftat rest in the same inertial frame. If the transport is made slower and slower, the correction becomes smaller and smaller. That is the classical reason
Eddington’s method asks for slow transport

Forexample, supposs Alice and Bobare szparated by L=1 km, and Alice carriesa clock to Bobatv=1m/s The travel time is

T=(L)/(v)=10005

The special-relativistic time-dilation error 1s approximate by

aTe v/ (2cl T =(vL)/{2ca).

Using ci1 30 108 m/s we get

aTaE{181000)/(2(38 1006 s05 68 10ERS

That isonlya few femtcssconds. In the ideal mathematical limitvia 0, the special-relativistic transport error tends to zero, In real experiments however, one cannot move infinitely slowly, becauss clocks drift environments
change, and gravity may alter the clock rate.

The quantum version begins by asking a beautiful question: what is the smallest possible portable clock? Avery natural answer is a two-level quantum system. Let the twoenergy states be |0Band |18 and suppeoes theirenargy
difference corresponds toangular frequency B Aquantum clock can be prepared in the superposition

|+B=frac|0m+ | 1mi2).
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Under itsown Hamiltonian, this state evolves into

it = frac|0E+em-im ta| 1mai 2).

The phass Btisthe ticking of the quabit It isthe quantum analogue of the hand of a clock.
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MNow we can understand quantum Eddington slow-clock transport Alice preparesa ticking qubit using her local clock as the phass reference. She then transports or s2nds that quibit to Bob in a way that preserves its coherence.

Bob measures the qubit relative to hisown clock. If Bob's clock is offest by B the qubit’s phase appearsshifted by

So Bob's task is no longer to read a mechanical hand. His task is toestimate a quantum phase. Once he estimates @ he obtains

0= (m /(=

For example, supposs Alice and Bob use a transition frequency

=100 MHz,

sothat

B=20f=2m 108 rad/s

If Bob's clock isahead by

B=1ns

then the phassa shiftis

9 =03 =26 108 1088 =020

Aone-nancescond clock offsst has therefore become a phase shiftof 0.28 radians

But Bob cannat simply look atone qubitand read off the phass. Aquantum measurement is probabilistic. If Bob measures in the right interference basis he may obtain a probability such as

Pl+)=(1+cos(mm) /(2).

Thisequation i1z the operational heartof the protocol. The clock offsst B is invisible directly, but itchangesa measurable probability.

Using the same example, @=0.20 so

Pi+)=(1+cos(0.2a0) /{2)80.9045.

1f Bob receives many identically prepared ticking qubits and obtains the + outcome in about 905 outof 1000 trials he estimates
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Pi+m0.905.

Then

cos(EE)E 2(0.905)-1=081,

mmarccos(0.8 180,626 rad.

Finally,

[ (0.626) /(26 100 58 1.0 ns.

This shows the whole mechanism inone chain:

clock offs=t longrightarrow qubit phase longrightarrow measurement probability longrightarrow statistical estimate of time offsst.

The quantum idea is therefore not that the qubit magically tells Bob the time. Rather, the qubitcarriesa coherant phass reference from Alics to Bob. Bob compares that phasa reference with hisown clock. The comparison is
done by interference, and the result is extracted statistically.

This iswhy the qubit is often called a ticking qubit Itis not ticking by moving a pointeraround a dial Itis ticking becauss the relative phass between [0Band |18 rotatesata known angular frequency @ De Burgh and Bartlett
describe quantum Eddington-type protocols as clock-synchronization methods using the adiabatic exchange of nondege nerate two-level quantum systems, or ticking qubits Their paper also notes that inde pendent
ticking-qubitexchangesachieve the standard quantum limitscaling

mtsim fracTEm(N),

where N isthe number of inde pendent qubits.

Thisscaling hasa simple undergraduate meaning. Ifone qubitgivesa noisy estimate of the phase, then many inde pendentqubitsallow averaging. Ordinary statistical ave raging improves like 1/8(M). Therefore, if N=10,000,
the uncertainty is roughly 100 timessmaller than the uncertainty from one qubit

Forexample, with

B=2m1GHz

and

M=108

the rough standard-quantum-limit time uncertainty is

mtsim fracTmmiN) =(1)./(2m 1083 100/ 816 ps.

So higher ticking frequency and more re peated quantum probes both improve synchronization accuracy.
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The more surprising part is thatquantum mechanics may do better than inde pendentaveraging. Chuang’sdistributed quantum clock-synchronization algorithm showed that undera modelwith uncertain message delivery
times, a quantum algorithm can obtain n digits of the clock offsst using only O(n) quantum messages whereas the corresponding classical requirementcan scale as O( 26 messages De Burgh and Bartlett later analyzed
ticking-qubit protocols and described a coherent-exchange protocol that beats the standard quantum limitwithout using entanglement achieving a scaling of approximately

atsim (log NBce) /(@ Noca),

where NacAcounts coherent exchanges of a single qubit

The phrase coherentexchange isimportant It means that the qubitis not measured and destroyed atevery step. Instead, it issent back and forth while presarving its phase coherence. Each coherent pass accumulates more
phasa information. In effect repeated coherent transportcan make the qubit behave asif it had ticked more strongly, somewhat like increasing the effective interrogation time in interferometry.

For example, supposs a single pass gives phasz B If the protocol coherently arranges for the relevant phass toaccumulate m times then the measured phase can behave like

miE

Asmalltime offsst then producesa larger measurable phase. Thisis useful because small phasesare hard todistinguish from zera while amplified phasesare easier foestimate. The price isthat coherence must be prese ved

throughout the multiple exchanges Loss decoherence, uncontrolled phass shifts and imperfectoperations can destroy the advantage.

Thisalsoclarifies the difference between quantum Eddington synchronization and entangle me nt-based synchronization. Entangleme nt-based protocols use shared nonclassical corre lations between Alice and Bob.
Quantum Eddington protocols, in theirsimplest form, need not use entanglement They can use asingle transported quantum clock. The quantum resource is not necessarily entanglement itcan be coherence, phass
evolution, and controlled quantum transport.

There isone more subtle point In classical Eddington transport a wristwatch can be read many times. Inquantum Eddington transport a single qubitgenerally cannot reveal its phase perfectly, because measurementgives
only one random outcome and usually disturbs the state. Therefore, quantum clock transport naturally becomesa problem in quantum estimation theory. Alice and Bob must decide what states tose nd, what measurements to
perform, how many repetitions to uss, and how to handle phass ambiguity.

Phas=z ambiguity appears becauss

efifE=ei (E+ 208

It Bob estimates @=0.2 this could mean 0.28 or 2.28 or 420 and soon. In time units the ambiguity period is

T=(28/(@=(1)/(f.

1ff=100 MHz, then

T=10ns

S0a phass estimate corresponding to 1 ns could alsocorrespond to 11 ns 21 ng and so forth. A practical protocol therefore needs either a coarse prior estimate, ssveral frequencies oran adaptive procedure that first finds the

large-scale offsstand then refines it

The practical limitations are as important as the ideal formula. The transported qubit must remain coherent The energy splitting 8 must be stable. The quantum channel must not introduce uncontrolled phass noiss. Bob's
measurementapparatus must be calibrated. Ifa physical clock is transported through different gravitational potentials relativistic frequency shifts must be corrected. Thusquantum Eddington slow-clock transport is nota way to
escape relativity or engineering noise. Itisa way to reformulate clock transport as quantum phasa transport

The cleanestsummary is this classical Eddington slow-clock transportcarries a synchronized clock from Alics to Bob quantum Eddington slow-clock transport carrniesa synchronized quantum phasa from Alice to Bab. In the
classical cass, Bob readsa wristwatch. In the quantum cass, Bobestimates the phase of a ticking qubit The fundamental equation is

Everything elss isa matter of how well Alice and Bobcan prepare, presarve, transport interfere, and measure that phass.
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