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Abstract

In this thesis a general non-relativistic operational model for quan-
tum clocks called quantum hourglass is devised. Taking results from
the field of Quantum Information Theory the limitations of such time
measurement devices are explored in different physical and information-
theoretic scenarios. It will be shown for certain cases that the time
resolution of the quantum hourglass is limited by its power consump-

tion.

Supervisors:
Prof. Dr. Renato Renner
Dr. Yeong-Cherng Liang and Sandra Rankovi¢



Contents
1 The Past

2 The Context
2.1 Margolus-Levitin bound . . . . .. ... ...
2.1.1 A generalized bound . . . ... ... ... .......
2.1.2  The adiabaticcase . .. .. .. ... ... ... ...

2.2 Communication rate vs power consumption . . . . . . . . . ..

3 Quantum Hourglass
3.1 Timeresolution . . . . . . ... .. ... ... ... .. ...,
3.2 The hourglass as a quantum computer . . . . . ... ... ..
3.2.1 ONOT hourglass . . ... ... ... .. ... .....
3.2.2  SWAP hourglass - quantum logic clock . . . . . . . ..
3.2.3 Algorithmic hourglass - Mesoscopic implementation . .
3.3 Thermal hourglass . . . . . . ... .. ... ... ... ...
3.4 de Broglie hourglass . . . .. ... .. ... ... ... ... .

3.5 Relativistic considerations . . . . . . ... ... ... ...
4 Synchronization and Causality
5 The Future
6 Conclusion
7 Acknowledgements

8 References

16
19
20
21
23
25
26
33
36

39

43

49

50

51



1 The Past

”Time is what the constant flow
of bits of sand in an hourglass

measures,”’ one says.

Akimasa Miyake [1]

Time enters Quantum Theory in manifold ways. Since the early days of
quantum theory this led to heated discussions about its nature. In a letter

Heisenberg wrote to Pauli in November 1925, he commented:

Your problem of the time sequence plays, of course, a fundamen-
tal role, and I had figured out for my own private use (Hausge-
brauch) something about it. First I believe that one can distin-
guish between “a coarse and a finer* time sequence. If a point
in space does not assume in the new theory a definite role or can
be formulated only symbolically, then the same is true for an in-
stant of time of an event. But there always will exist a coarse
time sequence, like a coarse position in space - that is, within
our geometric visualization one will be able to carry out a coarse
description. I think it might be possible that this coarse descrip-
tion is perhaps the only thing that can be demanded from the

formalism [of quantum mechanics].[2]

In the following year Pauli wonders if the absence of a clear definition of the
times of transition in Einstein’s probabilistic treatment of absorption and
emission, is due to a fundamental cause or the incompleteness of the theory.

He concludes that, ”"this is very much debated, yet still an unsolved issue.”
3, 4, 5]

In a footnote in the second edition of the "Handbuch der Physik” seven
years later he gave a formal argument why the idea of introducing a self-

adjoint time operator as the canonical conjugate to the Hamiltonian should



be fundamentally abandoned. The introduction of such an operator would
unavoidably lead to a new energy eigenstate with an unbounded spectrum.
This is very undesirable as most physical systems of interest have bounded,
semi-bounded or discrete spectra. This argument often referred to as a the-
orem, however enforced the view that time is a simple parameter, governing
the evolution of quantum as well as classical systems. In recent years the
development of research introducing such a time operator with relaxed con-
ditions, e.g. not requiring self-adjointness, has led to a better understanding

of times of arrival [4, 6].

Our inability to formulate a consistent theory with an observable for time
brings another problem along, namely, the question ‘how well can we observe
time’. This is really important as we don’t have access to the parameter ¢ di-
rectly. One of the first widely recognized attempts to answer this question was
given by Mandelstam and Tamm in 1945 [7]. In their observable-dependent
energy-time uncertainty relation they refer to time characteristics of average
expectation values. This approach however has its limitations [4, 5]. In this
thesis a possible answer to the former question will be given more in the

spirit of above quote by Heisenberg.

For this purpose a general non-relativistic operational model for quantum
clocks called quantum hourglass will be introduced that has the ability to
distinguish ‘coarser and finer’ time sequences depending on its implemen-
tation. Taking results from the field of Quantum Information Theory and
other fundamental physical theories the limitations and properties of such
time measurement devices are explored in different physical and information-
theoretic scenarios. Moreover it will be shown that for cases where the inter-
action between the two parts (see section 3) of the quantum hourglass can
be modeled by a qubit channel the time resolution of the quantum hourglass

is limited by its power consumption.



The thesis will be organized as follows: In section 2 the basic concepts and
mathematical notations will be introduced. Section 3 will include the intro-
duction and the definition of the quantum hourglass. Furthermore different
physical and information-theoretic scenarios will be discussed. Section 4 is
a short excursus into the realms of synchronization and causality. Section 5

will discuss open questions and section 6 contains the conclusion.



2 The Context

Alle menschlichen Tatigkeiten
sind bedingt durch die Tatsache,
dafl Menschen zusammenleben,
aber nur das Handeln ist nicht
einmal vorstellbar auflerhalb der

Menschengesellschaft.

Hannah Arendt [§]

In this work we make use of quantum systems A,B with corresponding finite-
dimensional Hilbert spaces Ha, Hp where |Al,|B]| denote their dimension-
ality. According to the postulates of quantum mechanics the Hilbert space
of a composite system is given by the tensor product Hap := Ha Q@ Hp.
Furthermore the space of homomorphisms M : H,4 — Hp is written as
Hom(H a,Hp). The state of a quantum system is again according to the
postulates of quantum mechanics represented by a ket |¢) 4 element of some
Hilbert space H,4, hence exploiting the isomorphism H, = Hom(C,H,).
Moreover, End(H) is the set of endomorphisms on H, i.e. the homomor-

phisms from a Hilbert space H to itself.

The eigenvalues of some operator O4 € End(#) are denoted as A\;(O4) and
its singular values as s;(O,4), where the subscript specifies the system the
operator acts on. For the hermitian adjoint of some operator O we use the
expression O, additionally the set of hermitian operators on H is defined by
Herm(#H) := {H € End(H) : H = H'}. The trace of an Operator is defined

as

Tr(Oa) = Y (eilOale) (1)

i

where {e;}; is any orthonormal basis of H 4.



The identity operator 1 € End(#H) maps any vector |¢) € H to itself. It can

be written as

1= fei)(ed @

for any orthonormal basis {e;}; of H.
The set of positive semi-definite operators that act on H is denoted as P(H)

and is defined as
P(H) :={O € End(H) : \;(O) >0 Vi}. (3)

In the following S<(H) = {p € P(H) : 0 < Tr(p) < 1} will be the set
of subnormalized quantum states acting on H and S_(H) := {p € P(H) :
Tr(p) = 1} be the set of all normalized states. We will also make use of the

trace norm which is defined as
10]], == TrvOT0. (4)

To quantify the distance between any two quantum states p,o € S< we use

the generalized fidelity, defined as

F(p,0) = ||\/pv/o||, = V(1 = Trp)(1 — Tro) (5)

which in the case that either p or ¢ is normalized the above expression reduces
to the standard fidelity

F(p.0) = ||Vavall,. ©
A linear map € € Hom(H 4, Hp) is said to be positive if
Ep)=0 V peS (7)

and it is called completely positive if the map & ® 1o is positive for any



Hilbert space H¢. Furthermore if Tr (£(p)) = Tr (p) holds for all p € S the

map & is called trace preserving and trace-nonincreasing if Tr (€(p)) > Tr (p).

In the following the reduced Planck ‘Wirkungsquantum’

h

h= = 1.054571726(47) x 10734 s, (8)
m

the speed of light in vacuum

¢ = 2997924581 (9)
S

and the Stefan-Boltzmann constant

W
kg = 5.670373(21) x 107

9
m2K*

(10)

based on CODATA 2010 [9].

2.1 Margolus-Levitin bound

Until Margulos and Levitin published their classic paper in 1998, bounds
placed on the minimal time needed for a state to evolve into an orthogonal
state were always thought of in terms of the standard deviation of energy
AFE [10], i.e. .

t, > N (11)
But these bounds don’t place a limit on the velocity with which systems with
bounded energy can evolve, since AE can be made arbitrarily large. Bounds
based directly on the average energy of a system were also proposed [11, 12]
but were only applicable to the rate of communication in bits, which can
also lead to complications [13]. In the following the results by Margulos and

Levitin will be discussed in a more detailed manner.



Let |1¢g) be an arbitrary quantum state. It can be written as a superposition

of energy eigenstates, i.e.
o) =D enl Bn), (12)

where we restrict ourselves to systems with a discrete spectrum. Furthermore
assume w.l.o.g that the energy eigenstates are ordered in a non-decreasing
fashion. Also we choose Ey = 0.

Define the time it takes for [¢y) to evolve into an orthogonal state as 7.

Then Margolus and Levitin showed that for a fixed average energy F, that

t, > —. (13)

To prove this statement it is helpful to start with the observation that |iy),

after evolving for some time ¢, can be written as
_Ent
[Yy) = E cpe” '

n

Now one can define the inner product of the initial state and the evolved

E,). (14)

state as a function of ¢. Let

S () = (Woltn) = Y lenfPe™ (15)
n=0

and look at the smallest possible ¢ s.t. S(¢) = 0. In order to achieve this task



let us look at the real part of S

- Bt
— 2 cos —~ 1
R (9) ng—o\cn| cos — (16)
. 2 (Eyt Bt
> 2 (q_ 2 (Ll Eal
> nEZO |en| (1 - < - + sin - )) (17)
2B 2
=1- ﬂht—i_w\s(S) (18)

where in the second line the inequality cosz > 1 — % (x 4+ sinz) for x > 0
was used. As S = 0 if and only if (S) = 0 and R (S) = 0, from the last
line the condition

= %t <0 (19)

is obtained. Thus equation (13) has been established.

2.1.1 A generalized bound

The inequality used to attain equation (17) may not be optimal in all cases.
In 2006 Kosinski and Zych gave an elementary proof for bounds on the speed
of quantum evolution [14] that gave a unified way to derive the Mandelstam-
Tamm [7] bound as well as the Margolus-Levitin one [10]. A few months
afterwards Zych together with Zielinkski used this technique to generalize
the Margolus-Levitin bound [15]. It is quite insightful to have a closer look.

By means of the spectral theorem one writes

Wl ) = / e (| Pl)

_ /cos (%) d{)| Pg|v) —z'/sin <%) (1| Pg|)

where the spectral measure in the decomposition of H was denoted Pg, H =
f EdPg . For orthogonal states i.e. states that evolved for some ¢, it follows
that

10



(vlcos (22 ) 19) =0 = (wlsin () o (20)

If one now assumes that an inequality of the form
f(z) > Asin (z) + B cos (z) (21)

to hold for x > 0 (for the derivation of the Mandelstam-Tamm relation
one needs to assume such an inequality to hold for all =) together with the
observation that the expectation value of non-negative functions is also non-

negative we have that

wir () - asn () - Beos (T )= @)
= [ (5) - asn () - Beos (5) | atwipeor =0 23

W.lo.g. the ground state energy was set to zero here (as in the previous
section). Now the combination of equation (20) and (23) already places

restrictions on ¢, namely

ir () 1) = (24)

In order to derive a different bound than the one given by Margolus and

Levitin, Zielinski and Zych continue by using the following inequality

« o
T T 1

xo‘—7—|—7005m+oma_

which holds for all x > 0 and o > 0. This inequality reduces to the inequality

sinz >0 (25)

used to derive equation (17) if one sets o = 1. For all @ > 0 it now holds
that

11



mh
121 —a=0
2a (Y| B
provided that [1)) belongs to the domain of H. For certain states choosing
a # 1 can lead to a much better bound [15].

Note that these results can also be extended for the case of mixed states

(26)

through Uhlmann’s theorem [16]. Let be p € S and |€) some purification of
p. For a trivial evolution of the purifying system i.e. the total system evolves
with H ® 1, it holds that

Flp, p(t)) = [{€lE0)" (27)

2.1.2 The adiabatic case

Let us shortly review what happens in the case of an adiabatic evolution.
Consider a system where a time-dependent Hamiltonian H(t) governs the

evolution of the given quantum system through the Schrodinger equation

() = HJ(). (28)

Adiabaticity means that H(t) is slowly varying. This very case has been
analyzed by the authors of [17]. In the following a little review of their
results will be given.

Let Ey(t) and E;(t) be the energy of the ground and the first excited state
for some time dependent Hamiltonian H ().

Then the minimum gap between these two quantities is given by

Wmin = min [Ey(t) — Eq(t)]. (29)

0<t<T

dH(t)

o between

Furthermore denote the maximum value of the matrix element

the eigenstates by

12



e = u BB @) o)

0<t<T

= Imax

(i),

Now the adiabatic theorem [18] tells us that if we first prepare our system in

the ground state at t = 0 and then let the system evolve according to H(t)

for some time T then

(Eo(D)(T))]* 21 —¢ (31)
given that

Qnaapm, < € (32)

with 0 <e < 1.
Such systems have recently caught a lot of attention since it was established
that adiabatic quantum computing is possible [19]. This is very favourable
since it is a nice way around the problem of energy relaxation. Here the
focus shall lie on the Margolus-Levitin like bound given for systems evolving
adiabatically. For such systems Andrecut and Ali proved in [17] by non-linear

interpolation that the minimum time from one state to an orthogonal state

is given by

B 7h
~ 2Fe¢

for a constant minimum energy gap wyi, = F.

T(E) (33)

2.2 Communication rate vs power consumption

A very nice application of the Margolus-Levitin bound was given by Lloyd

in 2003 [20]. Here his results are reviewed in more detail.

Let us start with the simplest model of a quantum channel namely the qubit

13



channel. That is a channel that transmits a qubit from Alice to Bob [21].
Alice and Bob are both in posession of two-level quantum system. Alice
holds an initial state i) while Bob’s system is initialized in some standard
state, e.g. |0). After the transmission Bob has received the state |¢)). By
choosing |1) one can either transmit classical information, 0 or 1!, or quan-
tum information |¢) = «|0) + B[1) with |a|* 4+ |3]* = 1.

Now if Alice wants to transmit a 1 to Bob, Bob’s state has be rotated by an
angle of m. As we have seen in the previous sections such a transformation in
time t, requires an energy of the complete system above the ground state of
E > % For an average energy (E) = poFEy + p1 Ey with py and p; denoting
the probabilities that a 0 or a 1 is sent respectively. For a channel where a 1

is sent with probability % Alice transmits a bit to Bob at a rate
1 | P
C,=—= —. 34
! tJ_ 7h ( )

P= % (35)

Then the power is given by

This limitation of the communication rate by the square root of the power
invested is very akin to the fundamental limits of computation derived in [22].
The bound for the rate of transformation holds whether the transformation
considered is due to communication, computation or work. This should not
be surprising from a standpoint where the laws of nature are concerned how

information can be communicated and processed.

Another interesting example considered in [20] is the case where one uses M
uncoupled qubit channels. In this case an overall rate is v/ M times greater

than the one that the single qubit channel can attain. If one allows for

'Encoded into the states [¢)) = |0) and |1) respectively.

14



coupling of these channels, even a rate of [20]

2P

is possible. Thus communicating M bits in the same time ¢; with the same
overall power P available. Evidently entanglement [23, 24] can help in in-
creasing the number of bits communicated within some time but cannot

increase the speed of the transformation.

It should also be noted that the rate C'; can be enhanced by using strategies
that avoid sending a 1 or by using error correction techniques where one
avoids rotating for full angle 7 [20]. The maximum limit of such enhance-

ments is not known and therefore remains an interesting open question to be

tackled.
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3 Quantum Hourglass

.. anything goes.

Paul Feyerabend [25]

The simple model for a non-relativistic quantum clock which will be called
quantum hourglass or simply hourglass consists of two parts. The first part
is the system that is used as some sort of cursor and the second will be a
register system where information about the first should be stored available
to read out.

Since in the quantum world it is not possible to just look at the cursor of
a clock as if nothing has happened, such a splitting seems very intuitive.
Aside the interaction Hamiltionian H;,, coupling the cursor system C' to
the register system R both systems are assumed to have their autonomous
evolution governed by their local Hamiltonians, Ho and Hpg respectively.
In general the evolution of the systems and the mutual interaction between
them can be seen as completely positive (trace-nonincreasing) maps due to
the Choi-Jamiotkowski isomorphism [26, 27, 28]. Let the initial state of the

cursor system C' and register system R be given by
pc € P(Hc) and pg € p(HR) (37)

where do = dim{Hc}, dr := dim{Hgr} are the dimensions of the cursor
and the register system. Here it is omitted specifying any more details in
order to keep as much generality as possible. This enables the construction of
different types of hourglasses by specifying more details rigorously. This price
is being paid willingly. Somewhat along the line of a quotation (presumably)
by Bohr; "Truth and clarity are complementary’ [29, 30].

To avoid having to make assumptions about some global background time
and /or its properties the quantum hourglass is placed in an isolated lab. In

the case that the laboratory is truly isolated that the overall state (‘going to

16



the church of the larger Hilbert space’) is pure

|1p> c HC’RL- (38)

Furthermore some local parameter ¢ that is not accessible to the hourglass
is assumed. A schematic illustration of the hourglass is given in figure 1.
Making further assumptions about the parameter ¢ is not necessary because
from the work of Wootters and Page [31, 32] we know that we can replace the
notion of time by correlations. Thus even in a stationary pure state we can
observe a time evolution in a subsystem from the perspective of a different
subsystem. This astonishing and philosophically striking result shows us
another peculiarity of quantum theory and has recently found its way to

experiment [33].

Cursor C

Inter-
action

local parameter
t

isolated lab, temperature T

Register R

Figure 1: Quantum hourglass in an isolated lab with temperature T

Note that the quantum hourglass described here includes the model used in

17



the philosophical comment [34] where the author defines an hourglass as an
isolated quantum system that can radiate. This assertion is justified as the
radiation emitted by the quantum system can be seen as a register system
in the sense defined above. Furthermore, parallel to this work a clock con-
struction that is equivalent to a quantum hourglass with trivial evolution on

the register system R was developed by Rankovié¢, Liang and Renner [35].

Cursor C

Inter-
action

local parameter
t

Register R

/ Battery B Memory M \

isolated lab, temperature T

Figure 2: Quantum hourglass with battery B and memory M in an isolated

lab with temperature T

In addition to the above mentioned splitting of the quantum hourglass, it can
be equipped with two more operationally different parts, namely a battery
system B and a memory system M as depicted in figure 2. Especially the
battery system B will turn out to be necessary as it will be shown in the
next chapter that a time measuring device as the quantum hourglass has a

power consumption related to its time resolution in case that the interaction

18



can be modeled by a qubit channel.

3.1 Time resolution

Assume that H;,; can be modeled as a completely positive and trace-preserving
map & with which the system C' acts on the register R. Thus from a quantum
information point of view the quantum hourglass can be seen as a quantum
channel from the cursor system C' to the register system R. Let us review
the simplest case, namely, the qubit channel. Already here one can make a
powerful statement about the limitations on the time resolution of such an
hourglass. As shown in chapter 2 there is a minimal time that a quantum sys-
tem needs to undergo an evolution to reach a state orthogonal to the initial
state. For a clock to ‘tick’ something has to happen. As discussed in section
2.2 sending a 0 down the channel does not cause any transformation of the
register. Nevertheless sending a 1 implies that the register qubit needs to be
rotated by an angle 7. This in turn requires an average energy of the overall
system above the ground state of at least £} > % Thus a ‘tick’ is defined
as sending a 1 in this case and consequently i is the highest possible ‘tick’
rate, i.e. the maximal time resolution of the hourglass. Because of equation

(35) we know that on average [20]
P> (39)

This sets a fundamental limit to the time resolution of clocks where the
interaction can be modeled as qubit channel.

As mentioned in section 2.2 one can make use of M entangled channels to
send M bits with the same amount of power P. This however does not
improve the time resolution of the quantum hourglass as one still needs ¢, to
accomplish this task. Still it is surely useful to increase its accuracy and/or

precision. Note that the power consumed does not need to be definitely

19



lost, i.e. dissipated to the environment, but can possibly be recovered if the
procedure is implemented reversibly. The power needed to run the hourglass
is provided by the battery B.

3.2 The hourglass as a quantum computer

Building on the ideas of Feynman [36] a class of Hamiltonian based quantum
computing models have been developed in the last years. Time-independent
or slowly-varying Hamiltonians are used for the composition of a sequence of

local unitaries, i.e. a quantum circuit. The L gates

U=U,...Usl,. (40)

are encoded into the history state |¢)) where the second system keeps track

of the progress

L

\/Ll—HZ(Ut-"UWl 9)c) @ [t) g - (41)

It is clear that these two systems can be identified with the cursor system

¥) =

C on the one hand and the register system R on the other hand, already
indicated in the notation above. Systems of the above form are computa-
tionally universal, for example using the 3-local railroad-switch Hamiltonian
presented in [37]. Thus the quantum hourglass is as well a universal model
of quantum computation if the restrictions placed are weak enough to allow
for the implementation of a universal set of gates.

This does not come suprising as one may think of the Turing machine as a
clock as well. When the writting head is seen as the dynamical system or cur-
sor and the initial state of the register and the computation to be performed
is known, reading out the register gives information on the time passed.
The existing analysis of such systems however focuses on obtaining the result

of the computation |¢), = U |¢) and not using a (possibly trivial) computa-

20



tion as cursor for a time measurement. Still there are some results obtained
in the recent past that are very interesting for this purpose and they are
discussed further in light of this new context. Especially using the corre-
spondence of our simple non-relativistic model for a quantum clock with
Hamiltonian quantum computing models to measure time algorithmically
seems very appealing.

Also note reference [38] where the authors use a model that is an hourglass
where the cursor system is taken to perform a continuous time quantum
walk (they call their model 'machine’) to write down the explicit Lindblad
evolution of the system. Furthermore they give a series of very interesting
results on speed and entropy of such systems and explore possible ways to

reduce the entropy generation in the clocked system.

3.2.1 CNOT hourglass

A possible implementation of an hourglass with time resolution saturating

equation (39) can be given in terms of the CNOT hourglass depicted in figure

¥)e T

7

\
u |

=
~~
X
)
JanY
%

0}, L

i

J

Figure 3: CNOT hourglass with trivial evolution on the ancilla systems

Here the cursor system system C' is represented by a qubit, i.e. do = 2 and

the interaction between system C' and the register R is given by the CNOT

21



gate, which flips the register bit if the cursor system C' is found in state |1).

Thus this operation can be represented by the following matrix

CNOT = : (42)

Initializing the n register qubits in the |0) state the state of the hourglass
after the first step would be given by

[1)cr = CNOTcr, (Uc @ Up, ® -+ @ Ug, ([t)c @ [0)r, ® -+ @ [0)r,))
(43)
Assuming that this process saturates the Margolus-Levitin bound given in
section 2.1 it can be performed at a rate of % per second. Here FE is the
average energy of the logic gate that performs the operation.

After running this process m < n times the hourglass will be in the state

[Um)cr = Ucry.. R, (|[V)c @ [0)r, ® -+ @ |0)g,) (44)

where

Ucry..R, = (CNOTCRm (UC QU ® - ® URn>>
...(CNOTCR1 (U0® Up, ® - ® URn))-

The measured time can be read out from the register system R by measuring
the ancilla qubits in system R. In the optimal case one recovers m ’ticks’

which gain meaning of time by the scale given through the energy of the

mh

interaction, thus t = mt, = 5.
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3.2.2 SWAP hourglass - quantum logic clock

Recent experimental advances enabled physicists to construct a clock per-
forming metrology at the 17th decimal place [39]. The authors of the men-
tioned publication named the design quantum logic clock due to its inherent
use of quantum logic [40, 41]. The quantum hourglass model is well suited to
describe this new kind of clock. In principle it is a more complex form of a
CNOT clock where the mutual motional degree of freedom (register system
Ry) of two ions in the same trap is used to map the state of the spectroscopy
ion (cursor system C') onto the logic ion (register system Ry).

First the system as a whole is cooled to its ground state. Then a coherent
pulse Ug is applied near the transition resonance of the spectroscopy ion
chosen as a time scale. A 7 pulse on the red sideband causes it to swap its
state with the motional degree of freedom [40]. Finally the state is swapped
onto the state of the logic ion by applying a 7 pulse on its red sideband.
The logic ion can then be projectively read out without affecting the state
of the spectroscopy too much. The action of Ug on the cursor system can be

generally written as
Uc|0)e = al0)c + B 1) (45)

where |a]? + |3]? = 1, hence

V) oriry = [0)e @ [0)z, @ |0) g,
—(a]0)e + B11)¢) ® 0) g, ®[0) &,
—"0)c ® ([0)g, + B1)g,) ®[0)p,
—"2 |0) ® ’0>R1 ® (a ’0>R2 + |1>RQ)'

The process described is shown below in figure 4.

23



0)e

<]

0)¢

0 5, A

Figure 4: SWAP hourglass - quantum logic clock in a quantum circuit

representation

The SWAP gate above depicted above can be represented by the following

matrix

1 000

0010
SWAP = : (50)

0100

0 001

By iterating this process one can obtain the values of o and (8 thereby de-
termining the ion’s transition frequency given precise knowledge of the spec-
troscopy probe frequency.

The reminiscence to the CNOT hourglass is highlighted by the identity in
figure 5.

/4R
YV

A
\J

Figure 5: SWAP-CNOT identity [42]

A%
D
A%
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3.2.3 Algorithmic hourglass - Mesoscopic implementation

Since in experiment any observation is bound to be finite one can think of an
optimal time measurement as counting the smallest steps of change possible.
Thus one can think of the time measurement problem as a counting problem.
In quantum information theory algorithms are a well-liked approach to solve
problems (approximately) that cannot be solved directly. In 1998 Brassard,
Hoyer and Tapp introduced the quantum counting algorithm [43] by com-
plementing Grover’s iteration [44] with Shor’s factoring algorithm [45]. Here
these ideas are used for the ability to think about an hourglass that counts
algorithmically. Based on the results of Lesovik, Suslov and Blatter [46] a
possible implementation on a mesoscopic scale is introduced. Such a device
may prove useful in the future where the miniaturization of machines leads

to a need of time measuring devices operating in the quantum regime.

Using more technical terms the state of the passing particles |n) € H¢, where
Hc is the Hilbert space spanned by the number states |0),]1) [2),...,|N),
is considered. The information encoded in |n) we want to read out using
the K qubits in the register system R. The ingenious trick used by Lesovik,
Suslov and Blatter [46] is to count the passage of the particles of system C' in
a Fourier basis in the register. Thus the passage of the particles transforms

the initial state of the register qubits F(|0) ) in system R into a state

oK _1

F(In)g) o Z i ry

5=0
This means that such a coupling enables one to count the passage of the
particles in a binary fashion |n), = |ni,na,...,ng) where n = ny25-1 +
92572 ...+ ng2° Applying a inverse quantum Fourier transformation to

the final state one would be able to access the full information encoded in

the K register qubits through a single-shot measurement. It is also possible
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Figure 6: Mesoscopic implementation of an algorithmic hourglass based on
[46]

to use a semi-classical scheme where a sequential conditional read out of the

register qubits is used [46].

Depending on the system such an hourglass is implemented in the time scales
giving physical meaning to the measurement outcome vary. Under dc bias
conditions (with voltage V') single-electrons are seperated by the voltage time
t= % when their wavefunctions are generated by unit-flux voltage pulses of
Lorentzian shape [47, 48]. Here e = 1.602176565(35) x 10~19C' [9] denotes the
single-electron charge. An alternative approach works in the quantum Hall

regime injecting single-electrons from a quantum dot into an edge channel.

+h
6T

denotes the tunneling probability and ¢ the level seperation between states

Here the typical times ¢ = 7% are found on the nanosecond scale [49]. T is

in the quantum dot.

3.3 Thermal hourglass

There is an intimate connection between time and temperature. Evidence
for such a relationship can already be found in the early universe. As most
astrophysical cosmologist see it today there was a precise connection between

both [50]. This relation at the time when relativistic particles dominated the
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density of the universe is thought to be
toc T2 (51)

where T from now on denotes the temperature. Another very interesting
evidence lies in the connection between the 'time-asymmetry’, i.e. the per-
ception that we live in a world that has a preferred direction of time and the
second law of thermodynamics has been discussed in great detail over the
last decades (see [51, 52, 53, 54, 55, 56, 57] and references therein). From the
quantum information theory point view this is very interesting discussion as
there exists a fundamental feature within the theory that may well underly
this phenomena, the data processing inequality. Loosely speaking it states
that the amount of information in a quantum system cannot be increased by
acting on it locally. Formally the data processing inequality can be written

H(AIBC), < H(A|B), (52)

where H is some entropy measure and H(A|B) denotes the conditional en-
tropy of some quantum system psap € S. The first proof was given by Lieb
and Ruskai in the early 70’s [58]. The data processing inequality comes with
a lot of interesting features and has also has a scientifically thrilling history,
but this thesis shall not be concerned with telling this story and refers the
interested reader to the existing literature [59, 60, 61, 62, 63, 64, 65, 66, 67,
68, 69, 70].

As Page and Wootter [31, 32] have shown an overall static (pure) state |t)
can still inhibit an time evolution if one takes the perspective of one of the
subsystems due to the correlation of the overall system. Recently Popescu,
Short and Winter [71] came up with a very astonishing result namely that
for almost all pure states a subsystem will be thermal. Due to the leakage

of information to the environment the entanglement is expected to increase.
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This reinforces nearly forgotten ideas brought up by Lloyd in his 1988 PhD
thesis [72] where he suggests that the arrow of time is an arrow of increasing

correlations.

As we have seen above there is a cluster of problems concerning the notion
of time intertwining the different well-established physical theories we know
today. It seems that the problem of the conception of time lies in the core of
a possible unification of General Relativity, Thermodynamics and Quantum
Theory. A quite radical idea solving some of these problems is given by the

introduction of thermal time [73].

Here the possible workings of two thermal hourglasses measuring time in a
well-controlled thermodynamic environment are sketched. In an interesting
arXiv preprint it was shown last month that even a single qubit can be used
as a thermometer [74]. Further Stace shows in a paper [75] that a Heisenberg
scaling (~ %) is attainable in thermometry for thermometers that are not
fully thermalized. In order to do so he maps the problem of temperature mea-
surement for a bosonic system to the phase estimation problem. Although
such proposal is probably far from being implementable in experiment (if one
believes in Moore’s law not too far) it shows that for specific systems a clock

can be seen as a thermometer and vice versa.

28



BathC

)

Register R

- J

Figure 7: Interferometric implementation of a thermal hourglass where bath

C is used as a cursor

The hourglass provides an adequate setting for an analysis of such a possible
thermal time measuring device. An interferometric approach is depicted in
figure 7. Here a well-controlled thermal bath, e.g. consisting of M non-

interacting two-level systems, is used as a cursor system C', s.t. the state is

given by
e BH
= 53
Pc 7 (53)
where § = kBLT is the inverse temperature and Z = Tr (e‘ﬁH ) denotes

the partition function. The register system R is similarly given by N non-
interacting two-level systems. Here NV < M is needed in order not to disturb
the bath too much. A suitable interaction can be given by the Hamiltonian

presented in [75]

Hint = QZ Z 1) <1’C’k ® 1) <1|Rj (54)

k=1 j=1
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where « is the square root of the expected number of photons n in a coherent
pulse |a) defined as |a|*> = n. Through the mutual interaction of the bath
(cursor) and the register, the state of register in the upper interferometer arm
gains a phase ¢ = amt. Here m is the number of systems in the excited state
and is assumed to be known. It is a prominent result in quantum metrology
that the ultimate limit for the precision of the measurement of the phase ¢
is given by the Heisenberg-limit [76, 77, i.e. 04 o ~. Thus knowing « and

m precisely one can estimate ¢t with the same precision.

Another interesting approach would be to take two thermal baths for the
cursor system. A schematic sketch is given in figure 8. Instead of trying to
distinguish the two different temperatures of the baths as chosen in [74], the
distinguishability of the states given by the interaction with either bath 1
or bath 2 is used to measure time. The distinguishability A in terms of the

trace distance is given by

1
A= 5 [p1(T1,t) — p2(T2, 1) (55)

where p; and py are the states after the interaction with bath 1 or bath 2
respectively. Essentially this approach works as the A shows a peak [74]
defining a time ¢ unambiguously depending solely on the temperatures T
and T,. The workings of this thermal hourglass can be understood as distin-

guishing between two completely positive maps &£ and &,.
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Figure 8: Thermal hourglass where the cursor system C' consists of bath 1

and bath 2 in an isolated lab with temperature T

Yet another approach that will just be mentioned and not be discussed fur-
ther, is to take both the cursor system C' and the register R to be given by
thermal baths. Two schematic illustrations are by figure 9 and figure 10.
How well such an hourglass is able to measure time or what conclusions can
be drawn from such an approach about the relation of time and temperature

remains open for future research.
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local parameter
t

isolated lab, temperature T

Figure 9: Thermal hourglass with cursor bath C' and register bath R where
Tc > Ty in an isolated lab with temperature T

As a closing remark for this topic it is noted that thermodynamic interac-
tions are far from being adequately well-controlled in experiment in order to
provide time resolutions and precision/accuracies comparable to other forms
of interaction. This is mirrored by the fact that the value of the Stefan-
Boltzmann constant kp is the one of least precisely measured fundamental

constants. Only Newton’s gravitational constant GG surpasses kg in relative
y g p

uncertainty (based on CODATA set 2010 [9]).
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local parameter
t

isolated lab, temperature T

Figure 10: Thermal hourglass with cursor bath C' and register bath R where
Tr > T¢ in an isolated lab with temperature T

3.4 de Broglie hourglass

Since de Broglie wrote his Nobel prize winning Ph.D. thesis in 1924 we know
that matter can be viewed as a wave [78]. His hypothesis was soon confirmed
by the electron diffraction experiments of Davisson and Germer [79] yielding
a shared Nobel prize for both of them. How does this relate to the hourglass?
Well, already in his Ph.D. thesis de Broglie conjectured that a particle at rest

with energy £ = mgc?® has an internal clock with a frequency

moc?

h

vy =

(56)

Hestenes linked this ideas to the Zitterbewegung (half of the former) sug-
gested by Schrodinger [80] in series of papers pleading in favor of non-

metaphorical interpretation of the former [81]. Whatsoever interpretation
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of this frequency one might think of, making use of it seems very appealing.
Not only would it fundamentally link the units of mass and time (the ST unit
kilogram is still defined with respect to the international prototype kilogram
in Paris [82]) given a fixed value of h, the access to such a high frequency
would also enable time resolutions order of magnitudes higher then the one
used for today’s definition of a second [83] defined solely by the particle’s

mass.

Unfortunately present-day technology has no direct access to such high fre-
quencies yet. It might even be that the de Broglie frequencies may be unob-
servable. A strong point against this pessimistic view was made Miiller and
his collaborators from the UC Berkeley’s Department of Physics [84]. Their
claim that they have gained access to the de Broglie frequency by means of
an atom interferometer has resulted in a heated subsequent discussion (which
certainly is fertile for our collective scientific enterprise). Their antagonists
including Bordé and Cohen-Tannoudji assert that the interferometer under
consideration is actually no atomic clock [85, 86]. As an atomic clock oscil-
lating at de Broglie frequency would need two states in the two arms of the
interferometer, that differ at least by mc?. Most of their discussion evolves
around whether the mentioned atomic interferometer, denoted compton clock
(the name certainly bears an experimentalist bias) by Miiller and his collab-
orators, is able to test the gravitational redshift or not. As this is out of the
scope of this thesis, the interested reader is referred to the following refer-
ences for the discussion [85, 86, 87, 88, 89] and a proposed resolution of the

controversy [90].
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Figure 11: Matter-antimatter clock - de Broglie hourglass in an isolated lab

with temperature T

In this thesis an optimistic standpoint is taken conjecturing that a de Broglie
hourglass is possible, i.e. a time measuring device that is referenced to the
de Broglie frequency of a particle. Such an hourglass would need a suit-
able interaction allowing the register to record the evolution of the cursor
system. One could think of the scenario where it is technically possible to
control electron-positron annihilation, in such a case the produced photon
pair with frequencies referenced to the particle rest mass (~ 0.5 MeV) could
then be taken as a register system. This in principle even works for heavier

particles but the achievability of this approach depends highly on our ability
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to directly or indirectly measure high frequencies (~ 10® THz). Figure 11

sketches a possible matter-antimatter clock/de Broglie hourglass.

Note different other experimental attempts to access or simulate the de

Broglie frequency /Zitterbewegung in [91, 92, 93].

3.5 Relativistic considerations

The intricate role that time plays in unifying quantum theory with other
well-established fields in physics such as Relativity Theory and Thermody-
damics was already briefly pointed out in the previous sections. Particularly
its notion seems to be at the core of the problem in formulating a quantum
theory of gravity. This has been pointed out repeatedly [94, 95, 96, 97].
Nonetheless this section covers possible relativistic effects on the quantum

hourglass.

So far the discussion of relativistic effects on the quantum hourglass was
omitted, persisting upon the definition of the hourglass as a non-relativistic
model. This assumption is quite unsound and was only made to simplify
the analysis of the hourglass given so far. If spacetime is assumed to be
classical one can work within Quantum Field Theory, allowing for reasoning
about gravitational and motional effects on the hourglass, describing matter
and light by quantized fields. In [98] the authors study a cursor system?
given by a single localized quantum field. This quantum field undergoes a
period of non-uniform acceleration. Then the attainable precision is calcu-
lated in terms of the Quantum Fisher Information using recently developed
techniques of relativistic quantum information [99, 100]. Their results show

that while in the absence of motion a squeezed vacuum state is the best

2The cursor C' needs to be accessed in some way in order to gain information, thus
establishing the necessity of a register system R.
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choice, coherent modes are more robust against the degradation of preci-
sion due to the non-uniform acceleration. Furthermore they propose testing
the results obtained with superconducting resonators by hyper-fast tuning
of the boundary conditions. A technique already proposed in [101] and [102]
for earth-based experiments simulating relativistic effects in superconducting
circuits.

In a regime sufficient for all today’s practical purposes Relativistic Quan-
tum Information seems to provide good approximations. Still it is not quite
satisfying having to make the compromise of assuming a classical space-
time without knowing the mechanisms of its emergence. A possible mecha-
nism that achieves the emergence of classicality without assuming a break-
down of Quantum Theory was proposed by Vienna based physicists Pikovski,
Zych, Costa and Brukner in [103]. For this purpose they derive an effective
Schrodinger equation that incorporates general relativistic corrections due to
time dilation. The proposed decoherence due to time dilation arises even
when there is no (known) coupling to an external environment. That means
that one cannot shield the hourglass against this kind of decoherence with-
out taking it to a spacetime region with no time dilation. For microscopic
hourglasses this may not be of big importance but for hourglasses that use
composite systems of gram scale this means that no large vertical superpo-
sition can be sustained even on a microsecond scale. Note also that in this
mechanism the decoherence time depends on the temperature therefore it
can be considered being a genuinely relativistic, thermodynamic and quan-
tum effect [103].

Another relativistic effect proposed by the same group of physicist can entail
serious consequences for an hourglass that is implemented as an interferom-
eter (as e.g. the thermal hourglass in section 3.3). In [104] they show that
using interferometer in a gravitational field the visibility is reduced if the par-

ticle has a degree of freedom that can be considered a ‘clock’ (in the context
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of this thesis corresponding to the cursor system C|, see footnote 3). They

phrase the interferometric visibility V' solely in terms of the time dilation

cos (ig) ‘ . (57)

Thus if the time dilation 7 is equal to £, which means that the proper time

between the trajectories 7 and ¢,

V:

difference is physically accessible, the interference fringes vanish. In the
case that one does not consider a degree of freedom that can be seen as a
‘clock’/cursor, the visibility is always maximal, as no which-path information
is available. Furthermore they propose that this effect can be used in order

to test whether proper time is a new quantum degree of freedom [104].

Note that the limitations on the measurement of spacetime distances have
already been explored in the late 50’s by Salecker and Wigner [105, 107].
In conclusion it is indicated that above relativistic considerations about the
hourglass are surely not exhaustive. Which for now, in a time where no
generally recognized unification of Relativity and Quantum Theory has been
brought to the table yet, is simply not possible. Still an important point
was made, namely, that a careful analysis incorporating relativistic effects is
indeed necessary even in situations where one naively might think assuming

a non-relativistic framework is sound.
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4 Synchronization and Causality

This idea that there is
generality in the specific is of

far-reaching importance.

Douglas R. Hofstadter [108]

When one takes scenarios into account where there is more than one hour-
glass, the analysis becomes more intricated especially if the hourglasses re-
side in seperated labs. Quantum Information contains powerful tools and
concepts that are well suited to analyze such scenarios. One example would
be to formulate tasks as games allowing different strategies to be compared
in terms of their winning probability. But before we can start the digression
into the topics of synchronization and causality, it has to be made clear that
these questions very much depend upon what resources one is allowed use.
Especially in the case of synchronization the assumptions chosen should be
made evident in order to enable one to put results and ideas into the right

context.

First of all one has to mention that as soon as one takes communication
into account, the assumption of the isolated lab in the hourglass model is re-
laxed in the following sense. For the events of receiving or sending a system
from/to other agents the laboratory needs to be opened, in between such
events however it remains isolated from the rest of the universe. Moreover
the only assumption made is the local validity of Quantum Theory. In prin-
cipal no global properties of spacetime or any predefined global ordering in
terms of causality needs to be assumed 3. Indications that such assumptions
are sensical, in order to gain the ability to check fundamental properties of

the world we live in, were given by results in the recent past showing that

3This is in accordance with the framework proposed by Oreshkov, Costa and Brukner
[111] proposed in order to discuss situations with no predefined causal order.
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(within reasonable assumptions) the structure of the probabilistic theory un-
derlying Quantum Theory cannot be modified [109, 110]%.

One of the most restrictive cases one can think of to analyze the synchroniza-
tion of hourglasses is to allow for no communication between them, testing
the fundamental limitations of their ability to remain synchronized in a sep-

arable fashion.

Alice Bob

Momo

Figure 12: Schematic representation of a basic scenario for a synchronization

game with two parties

The simplest case would be to take only two parties into account. In the
schematic illustration drawn in figure 12 Momo acts as referee, deciding
whether Alice’s and Bob’s hourglasses are synchronized. In such a setting
Rankovi¢, Liang and Renner show in [35] that one can place a bound on the
number of synchronized ‘ticks” produced. Assuming the existence of a global

background parameter t they achieve a bound that is stated solely in terms

4One possible modification would be to extend or replace Quantum Theory with a more
general probabilistic theory. In [109] this would result in either the need for dropping the
assumption of free choice or the validity of relativistic spacetime. [110] shows that such a
modification is not possible without changing the dimensionality of space.
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of the dimension of the cursor system d¢ and a quantity characterizing the
quality of synchronization. Moreover they propose a specific synchronization
game [35] based on this very scenario in order to gain the ability to construct
a global ordering scale that could replace our present ambiguous notion of
time. This is a very interesting line of research. The next logical step would
be to go beyond the two-party scenario. To look at multipartite scenarios
(depicted in figure 13) seems to be necessary in order to make conclusive

statements. Indications in this direction can be found in the next paragraph.

Alice Joni Noni

Momo

Figure 13: Schematic representation of a basic scenario for a synchronization

game with n > 2 players

We will see in the following short story conveyed about the recent history
of Causality Theory® that the establishment of two-party results does not
necessarily allow for statements in n-player scenarios (with n > 2). In 2011
the framework proposed by Oreshkov, Costa and Brukner (OCB) [111] al-
lowed them to arrive at astonishing results, namely, they found correlations

that do not admit a definite causal order, thus violating a causal inequality.

5For the interested reader that is not satisfied the following references are recommended
[150, 151, 152, 153, 154, 155].
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Moreover they showed that in this two-party scenario causal structure au-
tomatically arises in the classical limit. The topic was taken up by Lugano
based scientists Baumeler and Wolf complementing the OCB framework with
two tripartite non-causal games early this year [112]. Not long after that
Baumeler, Feix and Wolf surprisingly put the multipartite question to rest
showing that in the tripartite case the statement that predefined causal order
always emerges in the classical limit does not hold true [113]. This adds once
more an interesting peculiarity to the ‘not predefined yet correlated’[113]
connection of systems that initially disturbed Einstein, Podolski and Rosen
so much that they decided to consider Quantum Theory as incomplete [23].
As there exists an seemingly infinite amount of literature on the very topic of
such correlations here the interested reader is referred to a drastically limited

personal selection of references [23, 114, 115]°.

As a last part of this section a recent paper in which the authors propose a
quantum network of ‘clocks’ will be discussed [116]7. Analyzing the scheme
proposed in [116] in the new context of the hourglass one finds that the
scheme should rather be seen as establishing one clock /hourglass with a reg-
ister /cursor that manifests in different space-liked separated locations but
that is still correlated due to the use of entanglement. Thus it can be seen
as an example were one uses the results presented in section 2.2. This means
using M coupled channels to transmit M times more bits in the same time
t, given the same power P as it would be possible with a single qubit chan-
nel. The drawback of the scheme they propose is that an exponential scaling
use of entanglement is necessary in order to attain and sustain a Heisenberg

scaling for this world clock/hourglass [116].

SThe author of this thesis is pretty sure that iterating a process where one takes into
account the bibliography of the cited publications and articles that refer to the cited
publications, the set of reasonable publications on this topic that cannot be found by this
‘algorithm’ is of measure zero.

"Note that so far no specifications about the size of the laboratory have been made
such that one may as well take it to be given by the rest of the universe.
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5 The Future

The future is unwritten.

The Clash [106]

The hourglass was defined so general it basically contains nearly any system.
This was done on purpose to achieve the ability to analyze different types
of clocks in different physical and information-theoretical scenarios within
the same framework. It is also very useful as any system can serve as a
clock [117]. Some serve their purpose well, some don’t, depending on the
set of requirements. For example me playing the drums would not be a well
suited system for a globally synchronized time needed to operate the United
States government’s global positioning system. Thus one of the most urg-
ing questions "What is a good clock and how can we characterize it?” still
remains open. An interesting approach to tackle this problem would be to
construct a resource theory (see [118] for an interesting paper that appeared
last week and today’s [119]) for hourglasses. Maybe this is not yet attainable
in general but one could start to do so for a given set of scenarios. Interest-
ing work in this direction has already been done by Janzing and Beth [120].
Such that one could also start the task by revisiting the extensive work done

by both authors on timing information in the light of the quantum hourglass.

The hourglass was meant to serve as a way to model/implement an au-
tonomously working clock that may be part of a microscopic machine in
need of timing information. Having in mind that the hourglass model is
computationally universal one particular interesting direction for further re-
search are certainly quantum celular automata [121, 122, 123]. Except for
wondering what the halting problem [124] means for an hourglass, note that
in such microscopic scenario the assumption of the isolated lab seems a lit-

tle to idealistic such that one probably also has to consider cases where the
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overall state is not pure anymore, i.e.

pcre € P(HcreL). (58)

However I think that one should not limit the potential of the hourglass
model by just taking into account microscopic considerations. This state-
ment stems from the observation that situations on very small scales and
very large scales can inherit duality [125]. Thus I think that the hourglass
may also be of importance for quantum cosmology [126, 127]. In my personal
opinion I see the universe itself as the largest hourglass we can imagine/ob-

serve.

Another promising approach, I could imagine, is to employ a very power-
ful technique called compressed quantum sensing [128, 129, 130, 131]. This
follows the following intuition: The optimal interaction for an hourglass is
to have no interaction. In this way the cursor system C' could evolve freely
without being disturbed. The problem is that if we have no interaction we
also have no information about the cursor. Here compressed sensing comes
into play providing a way to make use of the sparse data provided through
an minuscule interaction. These techniques could probably also come in
handy if one thinks of using vacuum fluctuations as a cursor system [132]. A

schematic illustration of such a possible vacuum hourglass is given in figure

14.
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Figure 14: Quantum hourglass where vacuum fluctuations are used as a

cursor system C'

So far adiabaticity was only shortly addressed in the beginning in this thesis.
Here we want to catch up a little on this topic as it brings along interesting
questions. One might for example wonder how the relation between Hamil-
tonian Quantum Computing and Adiabatic Quantum Computing relates to
the quantum hourglass. Moreover recent results obtained on super-adiabatic
quantum engines might prove crucial for the implementation of the quantum
hourglass [133]. Further research in this direction should certainly be con-

ducted in the future.

In section 3 the possibility of an hourglass equipped with a memory system
M was stated. I imagine such an additional operational part could be help-
ful in various situations. To give an example, consider the case where the

memory M is correlated with the cursor C. From a quantum information
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point of view this allows for the establishment of an entanglement assisted
channel. Another example is to consider correlations between the memory M
and the register R. In such a setting one could guarantee that no information
is passed on from the register R to the cursor C' through e.g. monogamy of
entanglement. Maybe such hourglasses (depicted in figurel5) are not imple-
mentable yet but they can still serve as theoretical playground for further

research.

Cursor C /

Inter-
action

Register R

N\
/ Battery B | Memory M \

local parameter
t
isolated lab, temperature T

Cursor C

Inter-
action
Register R \

N\
/ Battery B | Memory M \

local parameter
t
isolated lab, temperature T

Figure 15: Quantum hourglass where correlation between the memory sys-
tem M and the cursor system C' (top)/the register system R (bottom) are

available
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The future is probably also the right time to think about how to use our
correlations, i.e. time. Examples for such can be found in the literature
exhaustively, see e.g. [134, 135, 136, 137, 138, 139, 140, 141].

Figure 16: Quantum chronometer - chain of hourglasses connected via peri-

odic entanglement of scale (see text)

Finally I want to touch on a highly speculative idea that could boost the
time resolution of an hourglass somehow similar to the workings of the gears
in a bicycle or mechanical watch. This idea of a quantum chronometer is
depicted in figure 16. A necessary condition for such a device would be
that one is provided with an periodic entanglement of scale. By periodic
entanglement of scale I mean that for example the register of hourglass 1 is
coupled to the cursor of hourglass 2 in such a way that it triggers cursor 2
to tick after itself having ticked 5 times. The previous example would result
in the quantum analog to a 5:1 gear. Each hourglass should be ticking at
the maximum rate (given by the Margolus-Levitin or a generalized bound)
such that in the end reading of the last register in this chain would enable
one to measure time with a higher time resolution (determined by the dif-

ferent gear ratios) than actually possible in the accessed hourglass standing
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by itself. It is an entanglement of scale as the two degrees of freedom en-
tangled live on different (energy) scales. So far this is pure speculation, but
it would be highly desirable to either be able to engineer such a mechanism

or to find it appearing naturally in some part of our microscopic environment.

Last but not least I want to mention that in the future definitely more at-
tention should be paid to the Zych-Zielinski-Kosinski bound (generalized
Margolus-Levitin bound)

h
t, > W—, (59)

2 (Y| Belyp)w

than I was able to provide in this thesis.
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6 Conclusion

.. white chocolate soup with

mint ...

Julien Degorre [142]

First an historic, mathematical and conceptual context was set in order to
establish a general operational model for quantum clocks called quantum
hourglass or short hourglass. Its ability to distinguish ‘coarser and finer’
time sequences in different physical and information-theoretic scenarios was
discussed. Therefore different types of hourglasses were constructed. It was
shown that for cases where the interaction between the two parts of the
quantum hourglass can be modeled by a qubit channel the time resolution
of the quantum hourglass is limited by its power consumption. Furthermore
it was demonstrated that the hourglass is computationally universal as it
allows for the implementation of an universal set of gates. Thus establishing
a connection between computation and time. A section was dedicated to a
short digresion into the realms of synchronization and causality, scenarios
where such a model as the hourglass may prove very useful. In the section
named ‘Future’ open problems were posed, some intuitions were considered

and plain speculations were contemplated on.
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