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Abstract. We analyze the information that one can learn about the state of a
quantum two-level system, i.e. a qubit, when probed weakly by a nearby detector.
In particular, we focus on the case when the qubit Hamiltonian and the qubit’s
operator being probed by the detector do not commute. Because the qubit’s
state keeps evolving while being probed and because the measurement data is
mixed with detector-related background noise, one might expect the detector
to fail in this case. We show, however, that under suitable conditions and by
proper analysis of the measurement data useful information about the state of the
qubit can be extracted. It turns out that the measurement basis is stochastically
determined every time the experiment is repeated. We analyze in detail the
probability distributions that govern the choice of measurement bases. We also
analyze the information acquisition rate and show that it is largely unaffected by
the apparent conflict between the measurement and intrinsic qubit dynamics. We
discuss the relation between our analysis and the stochastic master equation that
describes the evolution of the qubit’s state under the influence of measurement
and decoherence. In particular, we write down a stochastic equation that
encompasses the usual stochastic master equation for the evolution of the qubit’s
density matrix and additionally contains the measurement information that can
be extracted from the observed signal.
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1. Introduction

Quantum measurement is a subject of importance both as a central part of quantum theory [1]
and for its relevance to quantum information theory [2]. At the most basic level, the
measurement is commonly thought of as a sudden projective operation that leaves the measured
system in an eigenstate of the probed operator. It should be kept in mind, however, that the
measurement process is a physical process that follows from a physical interaction between the
measured system and the measuring device. As a result, any realistic measurement is carried
out over a finite duration. One can therefore have the situation where the measurement process
occurs concurrently with other physical processes. This is the situation that we consider in
this paper.

Although the analysis and results of this paper should be valid for a variety of different
physical settings, we find it useful to formulate the analysis in terms of a specific setup. In this
paper, we use the example of a double-quantum-dot charge qubit that is probed by a quantum
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point contact (QPC) [3]-[14]>°. The principle of the measurement is the fact that the current in
the QPC is sensitive to the charge state of the qubit. By measuring the current passing through
the QPC, one can infer the state of the qubit. One limitation that arises in practical situations is
that, in order to minimize the effects of the detector on the qubit at times when no measurement
is performed (e.g. during the implementation of quantum gates), the qubit—detector coupling is
set to a value that is small compared to the qubit’s energy scale. As a result one must deal with
some form of weak-measurement regime. This type of weak, charge-sensitive readout works
well when the qubit is biased such that the charge states are eigenstates of the Hamiltonian and
therefore do not mix during the measurement. In this case one can allow the detector to probe
the qubit for as long as is needed to obtain a high signal-to-noise ratio, without having to worry
about any intrinsic qubit dynamics.

In contrast to the simple situation described above, when the detector weakly probes the
charge state of the qubit, while the Hamiltonian induces mixing dynamics between charge
states, it becomes unclear how to interpret a given measurement signal. Given the fact that
the signal typically contains a large amount of detector-related noise and the measurement
causes unavoidable relaxation in the qubit, it might seem that this type of measurement cannot
be used to determine the initial state of the qubit, i.e. at the time that the experimenter decides
to perform the measurement. Indeed, there have been a number of studies analyzing the
measurement-induced decoherence and the evolution of the qubit’s state in this situation [3]-[8],
[14], but not the question of how to take the measurement data and extract from it information
about the initial state of the qubit. This question is a key issue for qubit-state readout and is the
main subject of this paper.

We shall show below that high-fidelity measurement information can be extracted from
the measurement data, provided that additional decoherence mechanisms are weak and the
readout signal can be monitored at a sufficiently short timescale. It turns out that not only
the measurement result but also the measurement basis is determined stochastically in this
case. In spite of the uncontrollability of the measurement basis, the measurement results
contain meaningful information about the initial state of the qubit. In order to demonstrate
this statement, we show how these results can be used to perform quantum state tomography
on the qubit. These results show that under suitable conditions and by proper analysis of the
measurement data useful information about the state of the qubit can be extracted from this
data.

This paper is organized as follows: In section 2, we introduce the theoretical model
for describing a charge qubit probed by a QPC. In section 3, we formulate the theoretical
framework for the qubit evolution conditioned on the QPC’s output signal and how measurement
information can be extracted from this signal. We also introduce an equation that supplements
the stochastic master equation for purposes of interpreting the measured QPC signal. In
section 4, we present results of numerical calculations that display a number of interesting
results in this system, most importantly the stochastic nature of the measurement basis and
the near-independence of the measurement fidelity from the relation between the charge basis
and energy eigenbasis. In section 5, we discuss how decoherence can be introduced to the
problem and how one should interpret the measurement data in the presence of decoherence.
We analyze one simple example that shows how the measurement data recorded at later times

> We shall not consider measurement methods based on probing the capacitance of the qubit [15].
A new measurement mechanism in this system was also proposed in [16].
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Figure 1. Schematic diagrams of (a) a charge qubit with charge states |L)
and |R) measured by a QPC, (b) the probability distributions of the possible
QPC current values for the two charge states of the qubit, (c) the filled energy
levels of the QPC’s electrodes and the energy barriers for tunneling between the
electrodes for the two charge states of the qubit and (d) a typical QPC current
signal. The finite widths of the probability distributions in (b) are a result of
the finite measurement time. When the distance between the two center points,
|I_ R—1 L|, is much smaller than the widths of the distributions, the QPC performs
a weak measurement on the qubit in the short interval under consideration (i.e.
the time interval for which these probability distributions are relevant). The fast
fluctuations in (d) convey the assumption that these fluctuations have a much
shorter timescale than the qubit’s precession period. In plotting (b)—(d), we have
assumed that I > I, which would be the case if the qubit is defined by an extra
positive charge (e.g. a hole) tunneling between the two wells. Taking the opposite
case, i.e. I > Ig, would only result in a few sign changes in the analysis below.
The main results are not affected by this choice.

is less ‘valuable’ than that recorded at earlier times. Concluding remarks are given in section 6.
Some details of the calculations are given in the appendices.

2. Model

We consider a system composed of a charge qubit capacitively coupled to a QPC, as illustrated
in figure 1. The qubit can be viewed as a system where a charged particle is trapped in a double-
well potential and can occupy and tunnel between the localized ground states of the two wells.
We shall denote these states by |L) and |R).

During the measurement a voltage is applied to the QPC, and a current flows through it.
Except for the discussion given in section 5, we shall assume that the QPC does not induce
any qubit decoherence except that associated with the measurement-induced projection. Before
analyzing the general case, we first consider the case where the qubit Hamiltonian is diagonal
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in the charge basis. In this case, there is no mechanism by which the states |L) and |R) mix
during the system dynamics. As a result, if the qubit is initially in the state |L), the long-time-
averaged QPC current will be given by I, and the qubit will remain in the state |L). A similar
statement applies to the state |R) of the qubit, with corresponding QPC current /. The QPC
current therefore serves as an indicator of the qubit’s state in the charge basis {|L), |R)}, as long
as the qubit Hamiltonian does not mix the states of this basis.

On any finite timescale, there will be fluctuations in the QPC current, and the observed
value might deviate from I, or Ix. The longer the period over which the averaging is made,
the smaller the fluctuations. One can therefore define a measurement timescale that determines
how long one needs to wait in order to distinguish between the states |L) and |R). The relation
between this timescale and the qubit’s Hamiltonian-induced precession period separates two
measurement regimes: strong and weak qubit-detector coupling. As mentioned above, this
separation is irrelevant when the qubit Hamiltonian is diagonal in the charge basis.

For the remainder of this paper, we analyze the general case where the qubit Hamiltonian
is not necessarily diagonal in the charge basis. The Hamiltonian of the combined qubit + QPC
system can be expressed as

ﬁ:ﬁq+1:1Qpc+I:Iim. (1)

In describing the qubit, we shall use the eigenbasis of the qubit Hamiltonian H q- Thus H q can
be expressed as
E
A —= 0 E
Hq:( 02 E)Z_EGZ’ (2)

2

where E is the energy splitting between the qubit’s two energy levels and 6, is the z-axis
Pauli matrix. We shall express the ground and excited states of the Hamiltonian as |0) and
|1), respectively. The electric dipole moment operator |R)(R| —|L)(L| can be expressed as
6n, Where n is a vector that represents the direction of the charge basis relative to the energy
eigenbasis:

on = |R)(R| — |L){L|
= cos B 6, +sin B o, 3)

where f represents the angle between the charge basis and the energy eigenbasis. The states of
the charge basis (i.e. the eigenstates of 4,) can be expressed as

|R) = cos é|0)+siné|1),
2 2
P 5 “4)
L) =sin —|0) — —11).
|L) sm2|) cos2|)
The QPC Hamiltonian H qpc can be expressed as
Aare =Y esmiiin+ Y enublbut 3 d (Blan+alh,). 5)
m n {m,n} e
tunneling

channels

where the operators a,, and by, respectively, annihilate electrons in the source and drain
electrodes of the QPC, &; and bz are their hermitian conjugates, €s ,, and € ,, are the energies of
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single-particle quantum states in the source and drain electrodes, and J,, ,, represents tunneling
matrix elements between the two electrodes. We take the qubit-QPC interaction Hamiltonian to
be of the form [3]

Ai=60 > 8l (Bjan+afhn). ©6)
{m,n} e
tunneling
channels
such that the tunneling matrix elements (and therefore the QPC current) depend on the state
of the qubit in the charge basis. The QPC and its operation are illustrated in figures 1(b)—(d).
When J and §J are independent of m and n, the microscopic degrees of freedom of the QPC
are not affected by, and therefore do not carry any information about, the state of the qubit. This
information is carried only by the total number of electrons that have tunneled through the QPC.
In the remainder of this paper, we shall assume that this is the case. We close this section by
mentioning that the above description of the microscopic structure of the QPC is not needed
for the analysis below, provided one accepts the description of the QPC operation explained
in section 3 as a phenomenological model of the detector. Indeed, the analysis below is not
restricted to the case of a charge qubit probed by a QPC.

3. Measurement- and Hamiltonian-induced dynamics

In this section, we introduce the theoretical framework for analyzing the qubit state evolution
and interpreting the observed measurement data.

3.1. Short-time evolution

We start our analysis by considering a short time interval between times ¢ and ¢+ 6z. For
definiteness, we assume that during this time interval a large number of electrons tunnel through
the QPC, such that it is natural to define a QPC current 7 (¢) during this short interval (the
current would be defined as the amount of charge that has passed through the QPC divided
by §t; the small-current case will be discussed in section 4.6). We also assume that a weak-
coupling regime exists for a properly chosen value of §¢, which means that the QPC-current
probability distributions (for the states |L) and |R)) are broad and almost completely overlap,
as shown in figure 1(b). The coherence time of the QPC and the time resolution of the QPC’s
output signal are both assumed to be much shorter than the precession period of the qubit. As a
result, for a properly chosen value of §¢ one can treat the different time intervals as independent
measurement processes, with each measurement being made in the charge basis.

As explained in appendix A, the QPC-current probability distribution for the qubit state

|L) can be expressed as
- \2
26t (I — I
; {_¥} @

T (AT)

28t (81)*
——= €X

P.[1,48l,6t] = —
- TTn (AI)2

and a similar expression can be derived for the qubit state | R). Here we have defined a number of
useful quantities: 6/ is the size of a finite interval of QPC currents that we identify with a single
value. One could say that with this definition we are turning the probability distributions in
figure 1(b) into histograms with discrete possible values for the current /. This definition will be
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useful for both the analytic and numerical calculations below. The characteristic measurement
time 1, defines the timescale needed for the QPC output to distinguish between the states |L)
and |R), and Al = Iy — I, where for definiteness we take Ig > ;.

We can now construct matrices that describe the qubit-state evolution depending on the
observed QPC current /(¢). When a given value of 7(¢) is observed in the QPC, the density
matrix pq(¢) describing the quantum state of the qubit is projected (possibly partially) according
to the observed value. This projection of the qubit’s state is described by a 2 x 2 matrix
(or propagator) that we shall call U Ml (), 81, 6t]:

1

pq(t +81) = —— - Ol (1), 81, 8110y U1 (t), 81, 1.
Tr {UM[I(t), S, 5t1UmII (1), I, 5t]pq(t)}
)
Measurement theory says that U mLI(2), 81, 6t] obeys the equation [2, 17]
17;4[10), 81, 811Ul (2), 8, 8t1 = PLII(z), 81, 8t1|L)(L| + Pr[I (¢), 81, 5t1|R)(R]. )

Since we are keeping only the fundamentally necessary terms in the projection dynamics, we
ignore any unitary-transformation component in Uwmll (1), 81, §¢] that does not affect equa-
tion (9). Any such component can, in principle, be determined experimentally, and it can then be
incorporated into the analysis straightforwardly. Such a component could result if, for example,
the different current states of the QPC have different charge distributions that act as an effective
gate voltage on the charge qubit. Assuming a large overlap between the QPC-current probability
distributions, we find that the matrix U mL1(¢), 81, 5t] can be expressed in the form

UwmlI 1), 81, 8] = \/PL[I(t), oI, ot]|L)(L]| +\/PR[I(I), oI, 6t]|R)(R|

250 6 | 5t (1) — T +A7)2)
:<L)2> [exp{—t[m E R

T (AT) Tm (AI_)2
st[1(t)—1T—AI2)
+exp{— [1® — /2] }|R)<R|:|
Tm (A1)
8t [1(t)—1] 8t [1(t)—1]
8t [1(1)—1]
1+T(|R)<R|_|L>(L|)
A UCRLI Py (10)
T AT

where we have defined I = (I + I_R)/Z.

In addition to the measurement-induced evolution described by the matrix Uy of equation
(10), the qubit Hamiltonian induces a unitary evolution of the qubit’s state. This contribution to
the qubit-state evolution (over the time interval from ¢ to ¢ + &7) is described by the matrix

~A A E
Ouls1] = exp {—insz} ~ 1+ 816 (1)
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The matrices U ML (®), 81, 6t] and U ul[6t] can now be combined to give the total evolution
matrix

Ul1(t), 81, 8t1~ Ul (1), 81, 8t] x Unlst]

st[Iy—1I], E_,

l+ ————o0,+1=6to,. (12)
T AT 2

Note that the high-resolution requirement in the QPC-current signal, which is one of our
assumptions mentioned earlier in this section, enters in obtaining the above equation: both
U ml, él, 8t] and U uldt] are approximately proportional to the unit matrix, with lowest-order
corrections of order §¢. Therefore they commute to first order in &7, and they can be treated as
commuting operators when Eér < 1, i.e. when they both induce small changes to the quantum
state of the qubit.

When a given QPC output signal / (¢) (starting from the initial time # = O until the final time
tr) is observed, one can take the corresponding short-time evolution matrices explained above
and use them to construct the total evolution matrix U Towll L (t : 0 — 1), 81, 5t]. This matrix
describes the evolution of the qubit state from # = O until # = #;, given that the current signal
I (t) was observed (with discretization parameters §/ and 6¢). Using the unit matrix as the total
evolution matrix for ¢t = 0, we find that

Ut 1(t:0— 1), 81, 8t] = U[I (t; — 81), 81, 8¢] x - -- x U[1(0), 81, 8¢].  (13)

In section 3.2, we shall explain how measurement information can be extracted from the
matrix U .

3.2. Extracting information from the matrix U Total [ ( : 0 — ), &I, 5¢]

The evolution of the qubit state is obtained by taking into account a long sequence of
weak measurements and Hamiltonian-induced unitary transformations. This long sequence of
events, however, is equivalent to a simple scenario in which a single measurement is made
on the qubit and the state of the qubit is rotated after the measurement. In order to obtain a
quantitative description of this alternative interpretation of the measurement data, one takes the
2 x 2 matrix U Toall L (t : O — t;), 81, 6¢] and divides it through a polar decomposition into two
parts, a measurement matrix U Meas L (t : O — t;), 81, 6t] followed by a unitary transformation
UralI (2 :0— 1), 81, 81]:

Ut 1(t:0 = ), 81, 8t] = Uret[I (£ : 0 — 15), 81, 8] X Ungeas[ I (£ : 0 — 17), 81, 8t]. (14)
The matrix U Measl L (f : 0 — t;), 81, 5t] has the form
Unteas I (£ : 0 — 1), 81, 81] = V P (Ui + P [Yn) (Yl (15)

where |v;) and [y,) are two orthogonal states (the indices are assigned such that P, > P,).
In order to characterize the measurement matrix in terms of the information it provides about
the state of the qubit, it is useful to consider the case where one initially has no information
about this state. The qubit therefore starts in the maximally mixed state

a7 © (16)
Pmax. mixed = 0 .
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After a measurement that produces the outcome corresponding to the matrix U Measl L (¢ :
0 — t7), 8l, §t] (and ignoring the presence of the rotation matrix Ugry[I (¢ : 0 — t;), &1, 5t] for
purposes of this argument), the qubit ends up in a state described by the density matrix

P P
1 2 19) (Yl . (17)

P+ P [r1) (Y + Pt P
This density matrix describes a statistical mixture of the states |¢) and |y,), with a higher
probability for the former (except for the rare cases where P, = P,). One can therefore say
that, as a result of the measurement, one now knows that the qubit is more likely to be in the
state |¢;) than in the state |1,), in contrast to the complete lack of information at the initial
time. The states |1) and |1,) therefore represent the measurement basis that corresponds to the
output signal /(¢). The measurement fidelity is calculated as follows [18]: let us assume that
one is given a qubit that is in an unknown state, either |i) or |{,). The parameters P; are the
probabilities that the outcome defined by 7(¢), §1 and &t is obtained given that the qubit was
initially in the state |;). Upon observing this outcome, if one wants to make a guess about the
state of the qubit, one would maximize the probability of making a correct guess by choosing
the state |¢). The difference between the probability of actually finding the state |1/) and that
of finding the orthogonal state |y,) is given by

P —P
P+ P

This expression can therefore naturally be interpreted as the measurement fidelity.

It is worth pausing here to comment on the issue of the independence of the measurement
basis from the measurement outcome. One typically thinks of the measurement basis as being
determined by the experimenter when designing the experimental setup and the measurement
result (i.e. +1 or —1 along the measurement axis) being determined stochastically according to
the rules of quantum mechanics based on the measurement basis used in the experiment. The
situation considered in this paper, however, cannot be described using this simple picture. Here
we have a two-state quantum system and a measurement device that produces one of many
possible outcomes, not necessarily all providing information in the same basis. In this case,
the picture of the measurement basis being independent of the outcome is not valid in general.
For example, it is possible in a general setting for a certain state |y) to be a possible result of
the data analysis presented above, but not the state orthogonal to it. Such a situation arises in
the problem analyzed in [18], and it complicates the interpretation of the measurement data.
Fortunately, because in this paper we are dealing with two symmetric probability distributions
(see figure 1(b)), we find that for every possible QPC signal there is an ‘opposite’ or ‘flipped’
signal, which can be obtained by taking the mirror image about the central line in figure 1(d)
(this central line is defined by [=L+1R) /2). It is not difficult to verify that if a given
signal corresponds to a certain measured state |{), the ‘opposite’ signal will correspond to
the orthogonal state with the same values of P; and P, (see appendix B for the full derivation).
An important consequence of the above statement is that the total probability of finding one
of two opposite signals is independent of the initial state of the qubit. Hence, the probability
of obtaining a certain measurement basis is independent of the initial state of the qubit. This
fact leads naturally to the conceptual interpretation that the measurement basis is determined
according to some stochastic process, and the measurement result along that basis is made after
the basis has been determined.

Pafter Meas. —

: (18)
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To summarize, the QPC’s output signal can be used to derive the matrix U Total [ L (£ : 0 —
tr), 81, 6t]. This matrix can then be used to determine the measurement basis, the measurement
result (i.e. =1 along the measurement axis), the fidelity (or in other words, the degree of
certainty about the obtained measurement result) and the post-measurement rotation. Note that
all the analysis above is performed independently of the initial state of the qubit. If one knows
the initial state, one can use the evolution matrices in order to determine the probabilities of
different outcomes, as well as the final state of the qubit after the measurement. As we shall
show below, when the measurement fidelity approaches one, the final state can be determined
even without any knowledge about the initial state.

It is worth mentioning here that the analysis presented above can be applied not only to
qubits but also to systems with higher-dimensional Hilbert spaces. The main complication in the
case of higher dimensions is that the description of the results becomes more intricate and less
transparent. In this context, one can contrast the simple visualization of any qubit density matrix
as a point in the so-called Bloch sphere, whereas there is no visually simple parametrization for
a general density matrix of a three-state system.

3.3. Incorporating the matrix U TotalLL (£ : 0 — 1), 81, 8t] into the formalism of stochastic
master equations

Equation (8) describes the projection of the qubit’s density matrix conditioned on the
observation of the QPC output 7 (¢). That equation treats the evolution as occurring in discrete
steps. Constructing a master equation means taking equation (8) to first order in §¢, and
then taking the limit §# — O in order to obtain the corresponding continuous-time differential
equation [17]. One tricky point in carrying out this procedure is the fact that the stochastic
quantity 7 (t) — I has fluctuations of size 1/+/5t:
oy T (AD)

<(1(¢)—1) >_4—3t' (19)
As a result, when keeping terms only to first order in 67, one must also keep terms containing
(81)2 x (I(¢) — I)?, etc. The quantity 7 (t) — I can be expressed as its expectation value at any
given point in time, which is given by AI(6,)/2, plus a fluctuation. It is customary to write
the stochastic master equation not in terms of the current fluctuation, but rather in terms of a
rescaled quantity, 8 W, whose standard deviation is equal to +/8¢. It then follows that W should
be defined using the relation

- Al Al /T
I =T+256,)+ 2 s, (20)
2 251

Substituting equation (12) into equation (8) (ignoring the subscript ‘M’ here) and keeping
terms to first order in &¢, we find that
8t

N : . W . . A A
Pq(t +81) = pq — 18t Hypq +18tpg H g + ﬁ (crn,oq + 0Pq0n — 2 (on) ,oq) + a (crn,oqcrn — pq) ,

(21)
where, for compactness, we have not expressed the time dependence of pq explicitly on the
right-hand side (in other words p4 should be interpreted as pq(#)). This equation can now be
rewritten in the form
. Tp §() . . . | A
Pq =1 [qu pq] o= (Gnpy+ PgGn —2{6n) pg) + 7— (Gupebn—pq) »  (22)

2./ 4T,
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where £(7) is obtained by using the rescaling £(¢) = § W /&t and taking the limit 6t — O:
(§(M)=0,
(EMEMN))=380—1),

where §(t —t’) is the Dirac delta function. Equation (22) is the stochastic master equation for
the system under consideration.

The question now is how the matrix U Toall 1 (£ : O — 1), 81, 5t] fits into the picture of the
stochastic master equation. One can derive a stochastic equation for the matrix U Total [ (£ : 0 —
tr), 81, 6t] by considering the change caused by a matrix of the form given in equation (12);
note that the evolution of the matrix U TotalLL (£ : 0 — 1), 81, 5t] is governed by equation (13).
One problem that arises here is that the matrix in the first line of equation (12) tends to zero
when 8¢ — 0. Taking this limit therefore leads to ill-defined quantities. In order to avoid these
problems, we deal with a re-normalized version of the matrix U [1(2), d1, 6t], as given in the
second line of equation (12); it should be noted here that normalization of the matrix U Total 18
irrelevant for purposes of extracting the measurement basis and fidelity. It is now straightforward
to see that an unnormalized version of the matrix U Total ODEYS the equation

dlj otal &n ‘i:(t) A S A g
thtl :< <2T>+2 = gn—1anz> U totar- (24)

This equation supplements the stochastic master equation for purposes of interpreting the
QPC’s output signal in terms of a measurement result. In this context, one should note that
what equation (22) gives is the qubit’s density matrix as a function of time. When 8 # 0 and
the charge states mix during the measurement, the density matrix at later times can become
completely different from that at the start of the measurement process. Assuming that the
experimenter does not have any information about the qubit’s state at ¢+ = 0, he would be able to
use equation (22) to determine the qubit’s state at later times, but he would not be able to cast
the results in terms of information that he has learned about the qubit’s state at t = 0. The matrix
U Total, through the decomposition explained in section 3.2, contains the information needed to
make such a statement about the measurement result. In fact, one can say that, when taken
in combination with the initial qubit density matrix, equation (24) replaces equation (22): in
addition to containing the measurement information, the matrix U Total Can be used to calculate
the density matrix at any time.

(23)

4. Numerical results and discussion

We now present the results of our numerical calculations. Typical parameters of the numerical
calculations are as follows: the discrete steps are taken to be 6t =0.1x/E, such that one
period of the Hamiltonian-induced coherent oscillations would be divided into 20 steps. The
QPC current probability distributions are discretized into 100 possible current values: each
distribution is Gaussian with a standard deviation o of 10 steps (thus there are about 50 possible
values for the QPC current with non-negligible occurrence probability). The distance between
the two center points of the current probability distributions Al determines the qubit—QPC
coupling strength. This parameter is varied when analyzing the effect of the qubit—QPC coupling
strength on the behavior of the system. The number of time steps in a single calculation was
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different for different calculations. However, this number was always large enough that the
final qubit state reached perfect purity up to less than one part in 10°, ensuring that none of
our numerical results were sensitive to the exact choice of this parameter. Each measurement
procedure is repeated up to 10* times in order to obtain accurate statistical averages. We have
also used parameters different from the typical ones given above and found that the results are
unaffected by the specific choice of these parameters.

A convenient parameter for purposes of characterizing the qubit—-QPC coupling strength
is E1,/(2m), where t,, is the timescale needed to obtain sufficient QPC signal to read out the
state of the qubit (for the time being one can think of this definition as applying to the case
when g = 0; but see below). As the standard deviation of the QPC-output effective probability
distribution scales as o /+/N when the measurement step is repeated N times, the measurement
time t,, can be naturally defined as the product of the time step 6z and the value of N at which
20 /+/N = Al. 1, is therefore given by

4025t
Ty = .
Al?
We shall use the parameter Et,/(2m) for quantifying the qubit—-QPC coupling strength,

and we shall use t,, as a characteristic measurement timescale when presenting our results
below.

(25)

4.1. Stochastically determined measurement basis

Firstly, in figure 2, we show the spherical coordinates 6 and ¢ of a large number of
(stochastically determined) measurement bases for different qubit—detector coupling strengths
and different values of B. In the strong-coupling regime (top row in figure 2), the parameter
Et,/(2m) is much smaller than one, and the measurement is completed before any
Hamiltonian-induced dynamics can occur. As a result, the measurement basis is always the
charge basis, i.e. the natural measurement basis for the detector under consideration (note here
that the charge basis is characterized by the direction (6, ¢) = (B, 0)). As the qubit—detector
coupling strength is reduced (middle row in figure 2), the measurement bases start to deviate
from the charge basis, and they develop some statistical spread. This region could be called the
intermediate-coupling regime. Deep in the weak-coupling regime (bottom row in figure 2), the
measurement bases are spread over all the possible directions. The probability distribution of
possible measurement bases will be analyzed in section 4.4.

When B =0 (leftmost column in figure 2), the measurement basis is always the charge
basis, regardless of the qubit—-QPC coupling strength. This result is natural, since this case is
the simple one with no mixing between the states |L) and |R). When g = /2, all the possible
measurement bases lie in the x—y-plane. The reason behind this result lies in the fact that this
situation is equivalent to one where one makes a large number of weak measurements in the
x—y-plane with no Hamiltonian-induced precession. As explained in appendix C, the resulting
measurement bases can only be in the same plane as the actually performed measurements,
which is the x—y-plane in this case.

The fact that the measurement basis is generally unpredictable, and therefore
uncontrollable, is a rather strange phenomenon from a fundamental point of view. From a
practical point of view, one can wonder whether anything useful can be done with such
measurements that are performed in a stochastically determined basis. If one absolutely requires
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Figure 2. The spherical coordinates 6 and ¢ defining the stochastically
determined measurement bases obtained in simulations of the experiment under
consideration (note that since the measurement basis is defined by an axis
extending in two opposite directions, only the upper hemisphere is needed; any
measurement axis will either lie in the plane of the equator or have one end
above the equator). Each figure contains 200 points. In each row, the qubit—QPC
coupling strength is kept fixed and g is varied: g =0, 7/8, 7 /4, 37 /8 and 7 /2.
In each column g is kept fixed and the qubit—QPC coupling strength is varied.
In the top row, Et,/(27) = 0.01, which is deep in the strong-coupling regime.
The measurement basis is very close to the charge basis in about 99% of the runs.
In the middle row, Et,/(27) = 0.2, which can be identified as the intermediate-
coupling regime. The measurement basis deviates substantially from the charge
basis in about one-half of the runs. In the bottom row Et,/(27w) =15, which
is in the weak-coupling regime. The measurement bases are, in general, spread
over the entire hemisphere. In generating this figure, the initial state was taken
to be the maximally mixed state (note that the results are independent of the
initial state).

a measurement in a given basis, measurement results in different bases would be less useful.
One could then treat the deviation of the observed measurement basis from the desired one
as an experimental error and deal with it accordingly. This point will be discussed further in
section 4.5.
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Figure 3. The measurement fidelity as a function of measurement duration
for three different values of the angle B between the charge basis and the
energy eigenbasis: f = 0 (red; lowest line), 7 /4 (green) and /2 (blue). Here
Et,/(2m) =35, i.e. deep in the weak-coupling regime. The fidelity increases

from zero to one as the measurement duration increases, and it is almost
independent of the angle .

4.2. Information acquisition rate

In figure 3, we plot the measurement fidelity as a function of measurement duration for three
different values of g (i.e. the angle between the charge basis and the qubit’s energy eigenbasis),
keeping all other parameters fixed. We can see that the fidelity approaches one for long enough
measurement time, regardless of the value of the angle . Furthermore, the fidelity is almost
independent of 8. In fact, and rather counter-intuitively, it turns out that the fidelity for g # 0 is
higher than that for 8 = 0. The reason behind this phenomenon is that one can obtain a higher
fidelity by performing weak measurements along different axes rather than along the same axis,
as explained in appendix C. This result shows that even though more complicated analysis is
needed to extract useful measurement information when 8 # 0, the information acquisition rate
is not reduced, and is in fact enhanced, by the Hamiltonian-induced precession.

In the limit when the fidelity reaches one, the matrix U Measld (t : 0 — t;), 81, 5¢] has the
form |yry)(yr]. It is straightforward to verify that any further evolution of the system will not
affect U Meas L (t : O — t;), 81, 6t]. In this case, further measurement only changes the final state
of the qubit, which would be given by Uru[I(t : 0 — 1;), 81, 8t1|v1).

It is worth mentioning here that the fidelity for the case 8 =0 is very well fitted by the

function
F(t) :erf{ /L}, (26)
2Tm

where erf stands for the error function. This result can be obtained using the following calcu-
lation. We take the probability distribution in equation (A.2) and we replace §¢ by . We now
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identify the portion of this distribution that corresponds to I > (I +Ig)/2 as being the prob-
ability of making a wrong inference about the state of the qubit. The difference between the
probability of making a correct inference about the state of the qubit and that of making a wrong
inference gives equation (26). The fidelity in figure 3 is also relatively well fitted by the function

F(t)%l—exp{—TL}, (27

m

which is an indication that our definition for the measurement time t,,, (see appendix A) is a
reasonable one.

4.3. The information contained in the QPC'’s output signal

The QPC produces an output signal that contains fast and large fluctuations. There are therefore
a very large number of possible output signals that the QPC can display. We now ask the question
of what information is contained in a given QPC output signal. It turns out that only a small
amount of information in the signal concerns the state of the qubit. As explained above, one
can follow a conceptually straightforward calculation in order to extract the measurement basis,
measurement result and fidelity from the noisy signal. The signal also contains information
about how the qubit’s state is rotated after the effective measurement. It should be noted
here that measurement bases and post-measurement rotations generally come in all possible
combinations. The measurement basis, result and fidelity on the one hand and the post-
measurement rotation on the other hand can therefore be seen as two separate pieces of
information that are contained in the QPC’s output signal. The rest of the information contained
in the highly noisy signal, which is the vast majority of information contained in the signal,
concerns the QPC itself. Thus the large fluctuations that one observes provide information
about the state of the QPC in the specific experimental run under consideration. For purposes
of reading out the state of the qubit, this information is discarded. This situation is most clearly
demonstrated in the case 8 = 0, where one is only interested in the time average of the signal,
discarding all the fluctuations around the average.

4.4. Spectral analysis of the measurement-basis probability distribution

We now take sets of stochastically determined measurement bases (i.e. results of the kind
presented in figure 2) and use them to extract probability distributions g(6, ¢) for the
measurement basis. The probability distributions are normalized to unity: f g0, ¢)d2 =1 with
the integral covering the hemisphere 0 < 6 < /2, 0 < ¢ < 2x. In particular, we are interested
in these probability distributions in the weak-coupling regime. In this regime, the probability
distributions will be symmetric about the z-axis, i.e. g(6, ¢) will be independent of ¢. We use
this fact and write the probability distribution as

o

g0.9) =) ca¥uo(0.9), (28)

n=0

where Y, ¢(0, ¢) are the usual spherical harmonics given by

2n+1
T

Y000, ¢) = P, (cos0), (29)
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and P,(x) are the Legendre polynomials. Note that since we only need to consider the
hemisphere 0 < 6 < /2, we only need to keep even values of n in the above series. The
coefficients ¢, are given by

/2 2
Cp = 2/ do sin@/ dop g0, 9) Y, 000, ¢). (30)
0 0

In our calculations, we have a collection of N stochastically determined measurement bases.
The coefficients ¢, can be calculated from these data sets using the formula

2
Cn = N;Yn,o(ej,@), (31)

where the index j labels the different data points.

In order to ensure that we are using parameters that are sufficiently deep in the weak-
coupling regime, we start by performing the above spectrum analysis while varying Et,,/(27).
The results of this calculation for 8 = 7r/8 are shown in figure 4(a). The coefficients ¢, seem to
be almost independent of Et,,/(2m) when this parameter is larger than one. From these results
we conclude that the point Et,/(27) =5 is sufficiently deep in the weak-coupling regime for
purposes of calculating g(@, ¢) in the limit Et,,/(2mr) — 0.

We now calculate ¢, (up to n = 10) in the weak-coupling regime for different values of
B and plot the results in figure 4(b). The probability distribution changes gradually as we go
from B =0, where the measurement basis is always along the z-axis (here the charge basis),
to f = /2, where the measurement basis is always in the x—y-plane. There is one point
(B = 0.37) where g(0, ¢) is either approximately or exactly uniform over the entire hemisphere.

4.5. Short-time dynamics

We now consider the case where the measurement duration is short enough that the measurement
fidelity is much smaller than one. In this case the state of the qubit experiences only a small
amount of projective evolution. As a result we can calculate analytically the total effect of the
projection and coherent dynamics.

Dividing the total time interval under consideration into a large number of infinitesimal
intervals, we can write the total evolution matrix as

Urow [t : 0 — 1), 81, 51]
~ [1+8p(tr) G| €7E /2 e EM2[1 4+ 8p(81)6, ] €52 [1 4 8p(0)6n]

OER2 [ 4+ 8p (196 | X -+ X [1+8p(8)Guisn | X [1+8p(0)6n) ]

=e
~ el En/2 [1 +38p(ty) {sin,B cos(Et;)0, +sin B sin(Et)0y + cos ﬂ&z}] X oo

x [1+68p(0) {sin B cos(0)6, + sin B sin(0)6, +cos BS. }|

. o Sp(t
A Qi El/2 [1 +/ dr pgi ) {sinﬂ cos(Et)6, +sin B sin(Et)6, +cos ﬁ&z}]
0

— QidEt/2 [

1+ pi6c+ py6y + p.6. ], (32)
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Figure 4. Spectral analysis of the probability distribution g (6, ¢): (a) the spectral
components ¢, for n =0 (red circles), 2 (black squares), 4 (green x symbols),
6 (blue triangles), 8 (purple + signs) and 10 (green diamonds) as functions of
Et,/(2m) for B = /8. Note the logarithmic scale on the x-axis. As Et,/(27)
is increased, the spectral components clearly reach very stable values by the time
Et,/(2m) reaches one. These results indicate that the value Et,/(2m) =35 is
sufficiently deep in the weak-coupling regime for purposes of studying the limit
Et,/(2m) — o0. (b) The spectral components ¢, for n =0, 2,4 and 6 (same
symbol usage as in (a)) as functions of B in the weak-coupling regime (here
we use the value Et1,,/(2m) =5). As B is increased, the probability distribution
g(0, ¢) gradually changes from being concentrated at the energy eigenbasis to
being spread over all directions and then to being concentrated on the equator
perpendicular to the energy eigenbasis. There seems to be one value of 8 (close
to 0.37, which is close to cos~'(1/+/3)) where all the spectral components with
n # 0 vanish, i.e. g(6, ¢) becomes completely uniform.

where we have defined

st[1(t)—1

n(t) =sin B cos(Et)fc +sin B sin(Et)y + cos Bz,

= smﬁ/ (t) _ cos(Et)dt
[ (33)

p, =sin / (’) __ sin(Er)dt,

’f I(t)
ﬁ/ thI

Taking the total measurement duration # to be a multiple of the qubit’s free-precession period,
the different measurements strengths p, , . are different Fourier components of the observed
QPC signal. These Fourier components can be thought of as independent quantities, leading
one to think of the net result as three independent weak measurements, one along each of the
three axes x, y and z.
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We have performed spectral analysis as was done in section 4.4 on the possible
measurement outcomes in the short-time case analyzed above (we do not show the full results
here). In the calculations, p,, p, and p, were assumed to be Gaussian-distributed quantities
with root-mean-square values that obey the relation

prms . prms . prms — Slnﬂ . Slnﬂ
v i Py D, NG
The overall features of the dependence of ¢, on B are similar to those seen in figure 4(b), but
there is no exact agreement between the two cases. For example, the coefficient ¢, is close to
being a straight line all the way from 8 =0 to § = 7 /2 in the present case, as opposed to the
curved path that the black squares follow in figure 4(b). Finally, we ask whether there is a value
of B at which all three measurements have the same strength on average. Using equation (34) it is
straightforward to see that this situation occurs when cos g =1/ V3, ie. f=0.3047; the point
at which all measurement directions are equally probable in figure 4(b). The calculations of this
subsection therefore give us a simple interpretation of the significance of the point § = 0.37 in
the present context.

: cos B. (34)

4.6. Alternative interpretation: choosing the measurement basis independently of the
measurement outcome

The idea that the measurement basis is determined stochastically and is only specified when the
experiment is completed is conceptually unsettling. We therefore take a different approach in
this section. We now require that in order to have a meaningful measurement, the measurement
basis must be specified by the setup and not by the stochastically determined measurement
outcome.

In the strong-coupling regime, there are no conceptual problems. In this case, the
measurement is almost instantaneous, and the measurement basis is clearly the charge basis. The
measurement fidelity is almost 100%, up to errors caused by the finiteness of the measurement
time compared to the qubit-precession period. These errors can be quantified straightforwardly,
as we shall do shortly.

The weak-coupling regime is the one where the conceptual problems arise. If we take the
case where the distribution of measurement bases is essentially uniform over all direction (which
seems to be the case when 8 ~ 0.37), we again obtain a simple, yet somewhat surprising, result.
By symmetry we can argue that all directions are equivalent. We can therefore choose any
basis as the measurement basis. Based on this choice, we then divide all the different possible
outcomes (i.e. the different possible QPC output signals) into two sets, one of which corresponds
to the measurement result +1 and the other of which corresponds to the result —1 in the chosen
basis. An important question that arises in this scenario is what the average measurement fidelity
would be under such ‘worst-case’ conditions of having no preferred measurement basis. In
the following, we shall denote this average measurement fidelity by the symbol F in order to
stress the difference between the results of this subsection and those of section 4.2. For the
completely uniform case, the average fidelity F can be evaluated as follows: let us take a spin
pointing in the +z-direction and assume that we have specified the z-axis as the one defining
the measurement basis. If we measure the spin along an axis that makes an angle 6 with the
z-axis, we obtain the result +1 with probability cos?(/2) and the result —1 with probability
sin?(6/2). By dividing the possible outcomes into two sets (with all outcomes that correspond
to states in the upper hemisphere being interpreted as +1 along the z-axis and all outcomes that
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correspond to states in the lower hemisphere being interpreted as — 1 along the z-axis) and taking
the difference between the probability of correctly obtaining the result +1 and the probability
of obtaining the wrong result —1, we find that the average fidelity (averaged uniformly over the
entire hemisphere)

i 0 o\ 1
Funiform,Ermaoo = f df sind (COS2 —_ — Sin2 —) = —, (35)
0 2 2 2

The fidelity in this ‘worst-case scenario’ is therefore 50%. We emphasize again that this fidelity
is independent of our choice of measurement basis. This result again contrasts the usual intuition
where the outcomes of measurements performed in one basis provide no information at all in
an orthogonal basis. In the present case, all measurement bases are equivalent, and one would
obtain the same (average) measurement fidelity in any one of them. This result fits well with the
result that will be explained in section 4.7 that quantum state tomography can be performed
by repeating the same measurement procedure a large number of times. This measurement
procedure gives the same amount of information in all different bases.

As explained above, the lowest possible average fidelity is 50%, and it occurs when
B ~ 0.3m. Two other values of f allow for simple reasoning. The obvious one is the case of
B =0, where the measurement basis is {|L), |R)} and the fidelity is 100% for all coupling
strengths. The other exception occurs when 8 = 7 /2. As can be seen from the rightmost column
of figure 2, the measurement basis is always in the x—y-plane. In the weak-coupling regime, the
possible measurement bases are spread uniformly around the equator. In that limit, one can
choose any axis in the x—y-plane as defining the measurement basis. All these bases give the
same value for the average fidelity:

2
! cos’ o_ sin’ o

2 2

Numerical results for the average fidelity for different values of S in the weak-coupling
limit are plotted in figure 5. First, in figure 5(a), we plot the average fidelity as a function of the
chosen measurement angle 6y, for different values of 8. We find that for 8 < 0.37 choosing
the energy eigenbasis as the measurement basis gives the highest average fidelity, whereas for
B > 0.3 choosing a basis that is orthogonal to the energy eigenbasis gives the highest average
fidelity (note that there is an infinite number of such bases). In figure 5(b), we plot the average
fidelity as a function of B for three choices of the measurement basis: Oyieas = 0, Opeas = /2
and the charge basis. It should be noted here that in the weak-coupling limit there is symmetry
about the z-axis. As a result, any axis that is obtained by rotating the charge basis about the
Hamiltonian axis will result in the same value of the fidelity as the charge basis. Choosing the
charge basis as the measurement basis never results in an average fidelity that is substantially
lower than the maximum possible value.

In the intermediate-coupling regime, one can choose the measurement basis by maximizing
the average fidelity. For example, for the parameters of the middle row in figure 2 one can
see that the measurement basis that would maximize the fidelity deviates slightly from the
charge basis (unless 8 = 0). One can understand this result naturally by keeping in mind that the
qubit’s state precesses about the Hamiltonian’s axis while being measured. The measurement
basis is therefore approximately obtained by taking the charge basis and rotating it by the
appropriate angle about the qubit Hamiltonian (in the opposite sense from state precession).

One could perform a numerical calculation in order to analyze the behavior of the
maximum-fidelity measurement basis as the qubit—detector coupling strength is varied.

_2 (36)

Fo_nn = d
p=r/2, Etn—00 ¢ T

21 0
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Figure 5. The average fidelity F when defining the measurement basis
independently of the specific (stochastic) outcome in the weak-coupling regime
[Etnm/(2m) = 5]: (a) the average fidelity as a function of the ‘manually’ chosen
measurement angle 6y, for five different values of fB: 0 (red circles), 7 /8
(blue squares), /4 (green triangles), 37 /8 (black + signs) and /2 (cyan X
symbols). Note that the results are independent of the choice of the azimuthal
angle @ueas, Which is also chosen manually along with 6y,,. One can see that
for any value of # the maximum fidelity is obtained by choosing either Oy, = 0
(for B < 0.37) or Oyeas = /2 (for B > 0.37). For 8 = 0.3 (not shown) all values
of Oyeas give essentially the same value for the fidelity, namely 50%. (b) The
average fidelity as a function of B for three different choices of measurement
angle Oyieas: Omeas = 0 (blue squares), Oyeas = B (red circles) and Oyje,s = /2
(green triangles). The choice 6y, = B always gives a near or true maximum
in the fidelity. However, with the exception of a single point around g = 0.3,
the maximum occurs at either Oye,s = 0 01 Opeas = /2.

However, here we focus on a question that seems more experimentally relevant, namely
analyzing the measurement fidelity with the charge basis chosen as the measurement basis. This
fidelity is shown in figure 6 for the two cases 8 =7 /4 and B = m /2. In figure 7, we plot the
absolute value of the quantity 27 dF /d(ETty,) (i.e. as in the initial slope in figure 6) as a function
of B. This quantity can be used to obtain an estimate for the measurement errors associated with
having a finite measurement time.

4.7. Small-current case

In the above analysis, we have assumed that the QPC’s output is essentially a continuous
variable with a large number of possible values for the current at a given instant. If the QPC’s
current is so small that on the timescale of monitoring the output signal very few electrons can
tunnel through the QPC, the physical picture changes substantially (here we assume that the
number of electrons that have tunneled through the QPC can be measured accurately). One now
has a small number of possible values for the QPC’s output signal. The discretization used in our
analysis, which was done for computational convenience above, is now provided naturally by
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Figure 6. The average fidelity F as a function of Et,/(27) when the
measurement basis is decided (by the experimenter) to be the charge basis. The
blue open circles correspond to the case f = /4, and the red filled circles
correspond to the case B = /2. The dashed lines represent the asymptotic
values of the fidelity in the weak-coupling limit: 0.54 for the case § = /4 and
2/ for the case B = /2.

the design of the setup. One can then follow a similar analysis to that of section 3 concerning the
gradual progression of the measurement and the evolution of the quantum state of the qubit. Note
that considering the small-current case only makes sense if the number of electrons that tunnel
through the QPC during a full qubit-precession period is small. Otherwise, one can always
choose between the small- and large-current cases through the choice of §z. Clearly, the exact
choice of parameters used in the theoretical analysis cannot affect the physical results.

An important difference between the cases of small and large currents is that one expects
the probability distributions shown in figure 1(b) to have almost symmetric shapes for the large-
current case, whereas they almost certainly are not symmetric for the small-current case. This
point is most clearly seen by considering the situation where at most one electron tunnels though
the QPC during the short interval under consideration. The analysis and results in this case
follow closely the analysis and results for a switching-based detector, studied recently in [18].
The fact that, unlike the case of a switching-based detector, the measurement now continues
after the occurrence of a tunneling event can be incorporated into the analysis straightforwardly.
Our argument concluding that the choice of the measurement basis is independent of the
initial state of the qubit breaks down. Perhaps more importantly, the conceptual picture that
the measurement basis is chosen first (according to some probability distribution) and the
measurement result is then obtained in that basis becomes invalid. For example, it is now
possible for a certain state |{) to be a possible result of the data analysis presented above,
but not the state orthogonal to it [18].

It is also worth mentioning in this context the case where the tunneling process is coherent
on the timescale of qubit precession. In this case, the QPC measures the qubit in the energy

New Journal of Physics 11 (2009) 083017 (http://www.njp.org/)


http://www.njp.org/

22 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

2.5

20¢ °

1.5¢ °

|27dF /d(ETy )|

1.0

0.5f

0 /4 /2
B

Figure 7. The rate of charge-basis fidelity deterioration with increasing
measurement time |27dF /d(Et,)| as a function of B in the strong-coupling
regime. In other words, the quantity on the y-axis is the absolute value of the
slope of curves similar to those shown in figure 6 at Et,/27 = 0. Each data
point is determined by calculating the fidelity F at Et,/(27) = 0.06 for a given
value of B and then taking the ratio [1 — F(x)] /x, where x = Et,,/(2m).

eigenbasis, regardless of the angle S (except when g = /2 where the QPC fails to perform
any measurement on the qubit). For further discussion of this case, see e.g. [5], and for a
discussion of possible advantages of weak measurement when dealing with multi-qubit circuits,
see e.g. [19].

4.8. Quantum state tomography

One example of a procedure where the uncontrollability of the measurement basis can be
harmless is quantum state tomography (QST). In fact, the original idea of QST included
performing measurements in all possible bases [20]. We have simulated QST by repeating the
measurement procedure a large number of times, obtaining a set of measurement results (in the
form of pre-measurement qubit states), and then minimizing the function (see appendix D)

T(r6.¢)=Y [1—rcosQ(®,¢,6,.¢)], (37)
J

where r, 6 and ¢ are the spherical coordinates of a point in the Bloch sphere; j is an index
labeling the different runs of the experiment, the direction (0;, ¢;) defines the qubit state
obtained in a given measurement, and $2(0, ¢, 6;, ¢;) is the angle between the directions
(@, ¢) and (0}, ¢;). We have chosen several initial states covering the Bloch sphere, and the
tomography procedure always produced correctly the initial state of the qubit. For the largest
value of the qubit—detector coupling strength that we used (see top row of figure 2), the
procedure became unreliable, because the vast majority of the measurements are performed
in one basis.
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It is worth pausing here to ask the question of the minimum requirements for a
single measurement setting to provide full QST information. The qubit’s density matrix is
characterized by three parameters. One therefore needs the ensemble of measurements to
produce three independent variables. If the detector has four possible outcomes (or output
signals), one would obtain three independent probabilities for three of the outcomes (with the
probability of obtaining the fourth outcome determined by probability normalization). A four-
outcome detector is therefore sufficient, in principle, to perform full QST on a qubit. One can
generalize this argument straightforwardly to the case of larger systems: one needs a detector
with at least as many possible outcomes as the square of the size of the Hilbert space in order to
perform QST in that Hilbert space (we do not necessarily imply pure states here).

In [18] an ‘all-in-one’ measurement procedure was analyzed, where the measurement
results of identically prepared setups (using a switching-based detector) can be used to perform
full state tomography of the initial qubit state as well as extract all relevant system parameters.
One could ask whether a similar situation occurs in the qubit—-QPC system. The answer is yes,
in principle. However, because the analysis of [18] was almost entirely analytic, it was possible
to obtain simple expressions to which the measurement data would be fitted in order to extract
all the available parameters. In this paper, we have not been able to obtain similar analytic
expressions. As a result, it would require extensive numerical calculations to compare the
observed data with those that would be expected for all possible sets of parameters and then find
the parameters that produce the best fit. Given the relatively long computation times required
for even the simple numerical calculations presented in this paper, we have not attempted to
simulate the full parameter-extraction procedure.

5. Decoherence

So far we have assumed that there is no decoherence in the system other than that associated with
the measurement-induced projection. In this section, we briefly consider the effect of additional
decoherence channels on the measurement process.

As a first step, one can make the following observations: the measurement has a
characteristic time t,,,, which determines how long it takes for the experimenter to obtain a high-
fidelity measurement result. Decoherence introduces its own decoherence timescales, which we
collectively denote by 74. If 7,,, < 74, decoherence should have little effect on the analysis and
results of the previous sections. If, on the other hand, 7, > 74, decoherence will distort the
state of the qubit before any reliable measurement result is obtained. This situation renders
the measurement almost completely useless. One should keep in mind, however, that the above
statement depends strongly on the nature of the decoherence channel. For example, if the energy
eigenbasis coincides with the charge basis (i.e. there is no coherent dynamics mixing the states
|L) and |R)) and there is no relaxation between the states |L) and |R), pure dephasing between
these states will not hamper the measurement, regardless of the dephasing time.

Decoherence can also be introduced to the stochastic master equation such that equation
(22) turns into:

. A ) . n N r . .
Pq= —1 [Hq’ Pq} + ﬁ (anq + 0q0n — 2 (Gn> pq) + iz, (Onpqgn - pq)
Aoy = 5piAAr). (38)
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where the index k represents the different decoherence channels, with y; and Ay being the rate
and quantum operator that describe a given decoherence channel.

Modifying equation (24) in order to include decoherence is somewhat trickier. The
difficulty lies in the fact that the evolution of the density matrix is no longer of the form

NS
IOq - UquU ’ (39)

ignoring here terms in equation (22) that were added for normalization purposes. One way
to deal with this new difficulty is to note that the evolution of the density matrix caused by
decoherence is linear and therefore write the qubit’s density matrix in vector form, i.e. the
transpose of (g0, P11, Po1» P10)- With this rearrangement of the matrix elements, the evolution
matrices are now expressed as 4 x 4 matrices acting on the density matrix (which now looks
like a vector) from the left:

pq — Upqg, (40)

where we now use the symbol U in order to distinguish the 4 x 4 matrices of this section from
the 2 x 2 matrices that are applied symmetrically on both sides of the density matrix.

We shall not write down the detailed expressions for the evolution matrices U, because
they would not add insight into the present discussion. Instead we point out that deriving a
master equation for these matrices can be done straightforwardly by rearranging equation (38)
into vector format. The differential equation that describes the evolution of the density matrix
pq also describes the evolution of the propagator L?Total, similarly to the fact that the Schrédinger
equation can be applied to wavefunctions or propagators. We now assume that the total
evolution matrix Z/A{Total (including the effects of measurement, Hamiltonian-induced dynamics
and decoherence) has been obtained using such a stochastic equation, and we ask the question
of how to extract measurement information from it. The answer is a generalized version of the
one obtained in the absence of decoherence. The total evolution matrix can be decomposed
into two matrices: a measurement matrix followed by a trace-preserving ‘quantum operation’.
This quantum-operation part describes both unitary evolution and decoherence [22]. The
measurement matrix can be used to extract the measurement basis, result and fidelity, just as
was done in the absence of decoherence.

We now give a simple example illustrating the interplay between measurement and
decoherence. We assume that the Hamiltonian is diagonal in the charge basis, and therefore there
is no coherent dynamics between the states |L) and |R). A measurement matrix that corresponds
to an outcome that occurs with probability P for the maximally mixed state and has fidelity M
now takes the form

1+M 0 0 0
e iy=p | o 1EM D X 41
Meas( ) )— 0 0 1_M2 0 ’ ( )

0 0 0 V1= M?

A relaxation matrix with relaxation factor D, (which can be thought of as decaying from one to
zero as time goes by) is given by

1 1-D, 0 0

N 0 D, 0 0

urelaxation(Dr) = 0 0 \/5 0 s (42)
0 0 0 D,
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and a dephasing matrix with dephasing factor D, is given by

1 0 0 O

~ 01 0 O

z/[dephasing(Dp) = 00 Dp 0 . (43)
00 0 D,

If a qubit is measured, with the measurement outcome corresponding to the matrix Z/AIMeas (P, M),
and the qubit then relaxes and dephases according to the matrices Uepaxation(D;) and
Ugephasing (Dp), the total evolution matrix describing this sequence of events is given by

Z/?Total = Z/A{dephasing(Dp)zjre]axation (Dr)aMeas(P, M)

1+=M (1—-D)(1FM) 0 0
0 D,(1F M) 0 0
=P 2 ’ (44)
0 0 Dy/DN1—M 0
0 0 0 Dy/Di/T— M2

This matrix will be used as a reference matrix for the scenario that we describe below. In
particular, we shall use the fact that the measurement fidelity is given in terms of the matrix
elements in the top left corner:
1,1 1,2 2.2
uTota] - uTota] - L{Total
1,1 1,2 2.2
Z/{Total + uTotal + uTotal

(45)

We now consider a qubit that is constantly being probed by the QPC while undergoing
gradual relaxation and dephasing. The measurement-induced evolution is now expressed as

Daupll o [1 RAUCEY G} (poo pm> [1 Lo -1],

T AT P10 P11 T Al
1+G@t)+ 2L 0 0 0 /
0 1-Go+& o o |[2"
~ 0 0 — 0 oo1 |7 (46)
0 0 0 - \P1o

where st [1()— 1]

rmAI_

Using the above form for the evolution matrix and similar ones for relaxation and dephasing,
we arrive at the equation of motion for (an unnormalized version of) the total evolution matrix:

G() (47)

G(t) Vi 0 0
. 0 —-»—-G® 0 0 .
su=st| 0 m_g, oL 0 U, (48)
0 0 0 =y
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with the initial condition

1 000
e =0 =0 o 0 ¢ (49)
0 001
The solution of the above differential equation is
GO,1) ¥ [y e G0, )G, t)dt’ 0 0
R 0 e % G(0, 1) 0 0
Hroal) = 0 o[- (20 22 )1] 0 ’
0 0 0 exp[—(%+yp+i)t]
(50)
where .
G(tl,tz)zexp{/t G(t)dt}. (51)
|

Comparing this matrix with the one in equation (44), one can see that the full dynamics between
times O and ¢ is equivalent to a measurement that is followed by relaxation and dephasing
operations. With some straightforward algebra, one can extract the measurement fidelity:

Jo 2G()e " G20, t)dt’
2— [0 2G (e G2(0, )dt’
Jend| 620,10

- final pd ) (52)
2+ [ entd | G20,

F =

Although the above expression looks rather complicated, one important result can be seen
relatively straightforwardly. The only difference between this expression and the one that would
be obtained in the absence of decoherence is the factor e, This factor represents the rather
intuitive fact that the parts in the QPC signal that are recorded at later times carry less value
for purposes of determining the initial qubit state than those recorded at earlier times, with an
exponentially decaying function. What is less intuitively obvious is how the exponential-decay
function enters into the expression for the fidelity, as can be seen from equation (52).

It is worth making a comment here regarding the ‘value’ of the output signal in the absence
of decoherence. One might be tempted to say that since the fidelity increase slows down as time
goes by (see figure 3), the ‘value’ of the QPC’s output signal decreases as time goes by in that
case as well. If that were the case, this decrease in the ‘value’ of the measurement signal would
not be related to decoherence. However, one can see that this is not the case by considering the
simple case B = 0 in the absence of decoherence. In that case the important quantity is the time-
averaged QPC current throughout the measurement duration, without any weight function that
decreases in time. All parts of the signal are therefore given equal importance when extracting
the measurement result.

In order to calculate the average measurement fidelity in the presence of decoherence, one
must average the measurement fidelity over all different input states and measurement outcomes.
Since any calculation involving the above expressions seems to be a daunting task, we use the
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Figure 8. The maximum achievable fidelity as a function of the ratio between the
decoherence and measurement times. The red dots are obtained using numerical
simulations, and the solid line is given by equation (55).

following hand-waving calculation. In the absence of decoherence, the measurement fidelity
after duration 7 can be expressed as

F() %l—exp{—TL}

t

1
= [ —e"/™dr. (53)
0 Tm

Decoherence reduces the ‘value’ of the later parts of the measurement record with an
exponentially decaying function (with characteristic time 74). An estimate for the average
fidelity in the presence of decoherence can therefore be given in the form

t
1
F(t) ~ / —e 1 x ey, (54)
0

Tm

Even if the measurement time is taken to infinity, where we have F — 1 in the absence of

decoherence, we find that the fidelity only reaches the value
Td

(55)

Fmax = .
Tm + T4

Note, in particular, the simple limits that F,,x — 0 when tq < 7, and Fi.x — 1 when 74 > 14,,.
We have performed numerical simulations of the measurement process in the presence of
relaxation, and the result are shown in figure 8. The results agree reasonably well with those
of the hand-waving argument given above.

6. Conclusion

In conclusion, we have analyzed the question of what information can be extracted from the
output signal of a detector that weakly probes the state of a qubit when the qubit Hamiltonian
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induces oscillations between the two eigenstates of the probed operator. We have shown that
the measurement basis is determined stochastically every time the measurement is repeated. In
the case of weak qubit—detector coupling, the possible measurement bases cover all the possible
directions. The measurement basis and the measurement result can both be extracted from the
detector’s output signal. We have also shown that the information acquisition rate is almost
independent of the angle 8 between the direction defining the probed basis and that defining
the qubit Hamiltonian. In other words, given enough time, the detector will produce a high-
fidelity measurement result, regardless of the value of 8. These results show that, under suitable
conditions and by proper analysis, the detector’s ability to obtain high-fidelity information about
the state of the qubit is not affected by the apparent conflict between the measurement and
coherent-precession dynamics.

In the course of our analysis, we have introduced an equation that supplements the
stochastic master equation for purposes of extracting measurement information from the
observed signal. We have also introduced a procedure for performing quantum state tomography
that is well suited for the case where the different measurement bases do not have a simple
relation to one another.

We have outlined the generalization of our analysis to the case where the qubit experiences
additional, non-measurement-related decoherence. In this case, the ‘value’ of the detector’s
output signal decreases with the time at which it is recorded. We have demonstrated this fact by
analyzing the case where the measurement is performed in the presence of relaxation.
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Appendix A. The QPC-current probability distribution for a short time interval
of size §t

In this appendix, we derive the expression for the probability distribution P[I, §1, §t] that
governs the stochastically determined values of the QPC current /. We use the discretization
parameters 6/ and &¢: §1 defines the size of a finite interval of values for / that we identify with
a single value of I, and ¢ is the size of the time interval under consideration. In the derivation
below, we assume that the qubit is in one of its charge states (for definiteness | L)) and that there
is no mixing between the charge states. We denote the average value of the current by I, for
the state |L) and Iy for the state |R). We are assuming that the probability distribution can be
approximated by a Gaussian distribution function:

PULL o1 bt ocexp {—a (1= 1)} (A1)

In order to determine how &7 enters in the expression for P [/, §1, 5] we consider the effect
of performing N measurements in a row. For sufficiently small §¢, the results of any calculation
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should not depend on whether we treat these measurements as N independent measurements
or as a single measurement of length Néz. Since the values of I obtained in the different
measurements are independent, their average will have a standard deviation o/ \/ﬁ , Where o
is the standard deviation of / for an interval of length 6z. In other words, the standard deviation
in I must be proportional to 1/+/8¢. Since the coefficient « in equation (A.1) is related to the
standard deviation o by o = 1/+/2a, we find that o must be proportional to 8¢ : o = @8t .

We now introduce the measurement time 7, by requiring that if 6z were to reach
Tm, the standard deviations (or in other words, the widths) of the probability distributions
PL[1,81,45t] and PRI, 81, 6¢] will be equal to half the distance between their center points:
1//26tym = |Ix — I1|/2. Note that this definition does not necessarily agree with other
definitions of the measurement time that appear in the literature. Assumlng for definiteness that
Ig > I; and defining Al = Ig — I, we find that @ = 2/(tml ATT?). Using the normalization
Yo, P81, 8t1= [ PL[I,8I,5t]1dI/(8]) = 1, we find that

- \2
p{_ZSt(I—IL) } (A2)

T (AT)

28t (81)?
—¢€X

P.[1,48l,6t] = —
- T T (AI)2

This expression is used for deriving the matrices Uy[/, 81, §¢] in the main text of the paper.

Appendix B. The relation between a given output signal and its ‘opposite’

In this appendix, we would like to establish the relation between the measurement results of a
certain signal and its ‘opposite’. If a signal is given by [, (¢), with the time ¢ running from O to #,
the opposite signal is given by I,(t) = I — I,(¢). In other words, the opposite signal is obtained
by taking the mirror image of the signal about the central current value /. We start by stating
the relation: if

Utow[ 11 (£ 10— 1), 8, 811 = Urol[1 (£ : 0 = 1), 81, 811 X Ungeas 11 (7 : 0 — 1), 8, 811,  (B.1)
with

Unteasl 11 (1 :0 > 1), 81, 811 =/ Pi|y) (1] ++/ Palyra) (Yol | (B.2)
then
Utow[ It : 0= 1), 81, 811 = Urol[Io(t : 0 = 1), 81, 1] X Ungeas (7 : 0 — 1), 8, 811,  (B.3)
with

Unteas 11 (1 : 0 — 1), 81, 811 =/ Pi|y2) (ol +/ Palyn) (Y1, (B.4)

and Ug[1o(1 : 0 — 17), 81, 811 = Ur[11 (1 : 0 — 17, 81, 1] .

For t; = 0, both Uy [11 (2 : 0 — 17), 81, 8t] and U [I2(2 : 0 — 17), 81, 8t] are given by the
unit matrix, which obeys the relation given above. We now assume that the relation holds for a
given value of #, and we try to establish that it will continue to hold at an infinitesimally later
time #; + §¢. The two changes that can occur during this infinitesimal interval are a measurement-
induced weak prOJectlon or a Hamiltonian-induced unitary transformation. Since U Rotl L2 (2 :
0— 1), 46, 6t] = URot[Il (t:0— 1), 61, 6t], application of exp{—lHét} to UTotal[Il (t:0—
1), 8, 6t] and U Toal[ 12 (¢ : 0 — t7), 81, 8t] clearly cannot affect the above relation between the
total evolution matrices. Demonstrating that application of the weak projection also does not
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affect the relation is less straightforward. Using equation (10) and introducing the (infinitesimal)
quantity g = 8t[1;(t;) — I]/(tmAT), we find that

Uroral11 (1 10 — 1r+81), 81, 811 o< (1+q6n) X Urail 11 (t : 0 — 17), 81, 81]
x (V) (el + VPaln) () = Oxal 1020 > 1), 81, 81)

x (1+q6a) (VPIY2) (Wl +v/Paln) () (B.5)
where
6i = 0110t[11(t 10— 1p), I, 6t] x (1 +q&n) x Ural 11 (2 : 0 — t5), 81, 8t]. (B.6)
We now introduce the Pauli matrices 6, = |y{) (Y| — |¥2) (Y| and &, for which g6 = g6, +

q.0.. Defining a, = (v/P1 ++/P,)/2 and a,, = (/ P1 — ~/ P2)/2, we find that
Urowal 11 (1 10 — t;+81), 81, 811 o Uat[ 11 (£ 1 0 — 17), 81, 8t1 x (1 + .6, +¢.6,) x (a, +anG,)

= URot[Il (t:0—1),dl,5t] x (ap +0a,q,0x +a,q;0; + 0,0, —10,,q, 5y +aqu)
= Ural1(t : 0= 1;), 81, 8t] X exp{—ia,q.6,/a,)

2
a, qx

p

X ([ap +ang. ]+ [apqx — ] oy +[an +apqz]5z) +0(q%)

= l?ROI[I] (t:0— t;+61), 81, 6t] x UMeas[I1 (t:0— t+61), 41, 6t], (B.7)
where
0R0t[ll (t:0— t,+61),01, 6t] = 0R0t[11 (t:0— 1), 81, 6t] x exp{—ia,q.oy/a,},

Useasl11(t : 0 — tp4681), 81, 8t1 =, +a,, 6, +a,, 5.,

a,=a,+anq:, (B.8)

2
/ — _ Amdx
am,x - al’qx ap, ’

-
a, . =am+ayq;.

We can now carry out the same derivation as above for the ‘opposite’ signal. The only changes
are that we replace g by —g¢ (therefore replacing g, by —¢, and g, by —¢g,) and reverse the
positions of P; and P, (this latter change changes a,, into —a,, and leaves a, unchanged). These
changes leave the infinitesimal rotation angle a,,q,/a, unchanged, and we therefore find that
the relation ﬁRot[lz(t 00— +61), 41, 6t] = URot[Il (t: 0 — t;+6t), 81, 6t] holds. Similarly a;
is unaffected by the above changes. The quantities a,, , and a,, _, on the other hand, change their
signs. By looking at the expressions for the a, and a,, in terms of the P, and P, above, we can
see that reversing the sign of a,, reverses the positions of the symbols P; and P, in the matrix
U Meas,» Which is exactly the difference between U Meas[ L1 (t : 0 — tp+8¢1), 81, 5¢] and U Meas| Do (t :
0 — t;+61), 81, 6t] that was stated at the beginning of this appendix. We have thus established
the relation between the matrices U Total [ L1 (¢ : 0 — ¢7), &I, §t] and U Total[ 12 (2 : 0 — 1¢), 81, 6t] .
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Appendix C. The measurement fidelity for two consecutive weak measurements

In this appendix, we show that the measurement fidelity for two misaligned weak measurements
can be higher than that obtained when the measurement axes of the two measurements are
aligned with each other’.

With no loss of generality, we take the measurement axis of the first measurement to be the
z-axis (i.e. the basis {|0), |1)}). We assume that the measurement produces one of two possible
outcomes. The measurement matrices can therefore be expressed as

. («/R] (1+€1) 0 >
U0 veae)

U («/1—R1 (1+€1) 0 )
1,2 — s

(S

(C.1)

0 VI=R (1—¢€)
where we have neglected any coherent component in the measurement matrix, as explained in

the main text. The above matrices satisfy the basic requirement that U LU a+U 1’217 12=1
The second measurement is performed in the basis {cos(6/2)|0) +sin(6/2)|1), sin(6/2)|0) —
cos(6/2)|1)}. The corresponding measurement matrices are given by

20 o eogf
COS ) Sll’lzCOS 2)

Uyt =vR, (1+6)

) . 2
sinfcos?  sin*Z
sin? g —sin § cos §
+V Ry (1 —€) 8 0 50 ,
—sin % cos £ cos? %

(C.2)
cos? ¢ sin2 cos ¢
2 2 2

Usr=+vVI—R;(1+6)

-9 0 - 20
sin 5 €oS 5 sin” 3
sinzg —sin%cos%
+\/1_R2(1_€2) .0 0 20
— 8in 7 €os 3 cos” 5

The combined measurement has four possible measurement matrices, each one
corresponding to one of the four possible outcomes. For example, for the outcome identified
with the index 1 in both measurements, the measurement matrix is given by U 2.1 U 1.1- In order
to obtain the measurement fidelity for this outcome, we need to consider the matrix

Ry€;sin 6O

R R R /Rl (1+€1) 0 R, +¢€rcos0 >

T o
U, U, Uy U, = i
11Y21Y 2,1V 11 0 /Ri(1—¢€)) Rye; sinf
— Ry —e€yc0860

VR (1+€1) 0
0 VR (1—¢)

For a study on a related subject, see Wei and Nazarov [21]. A somewhat related experimental study is given in
Deppe et al [21].

(C.3)

7
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If we denote the eigenvalues of this matrix by P; and P, (with P; > P,), the measurement
fidelity for this outcome is given by (P, — P,)/(P; + P,). For purposes of calculating the overall
fidelity of the measurement sequence, we take the maximally mixed state,

10
Pmax. mixed = 0 (C4)

>
as the initial state. With this initial state, the probability that the above outcome is obtained in
a given experimental run is given by (P, + P,)/2. Thus, the overall fidelity (taking into account
all four possible outcomes) will be given by the sum of four terms, each of which is given by
(P, — P,)/2 for one of the possible outcomes. For equation (C.3) straightforward algebra gives
the result that

P — P
2

Similar expressions can be obtained for the three other possible outcomes, resulting in the
overall fidelity

:Rle\/(1+elezcos9)2—(1—612)(1—65 ) (C.5)

F=RiRy/(1+ea16c088) — (1 - e)(1 — &) + R Roy/ (1 + €l 2 c056)> — (1 — ) (1 — €))

R Ry (14 €165 cos )2 — (1 — €d)(1 — 2

+R§R§\/(1 +elehcos0)2 — (1 —eP)(1 —e), (C.6)

where R;. =1—R; and e} =—€;R;/(1 —R)).

The measurement fidelity can have its maximum at any point between zero and 7 (with
the proper choice of the parameters R; and €;; we have verified this statement numerically).
For the special case Ry = R, =1/2 and €; = ¢; =€ > 0, the overall measurement fidelity is
given by

F= §<\/(1 +e2c0s6)? — (1 —€2)2+,/(1 —€2cos ) — (1 — 62)2>. (C.7)

Differentiating this expression twice shows that it has a maximum at cos @ = 0. In fact, in the
limit of weak measurement, i.e. € < 1, one can see easily that the above expression can be
approximated by

F%e<

which has minima at # =0 and 0 = 7 (F = ¢) and a maximum at 6 = /2 (F = +/2¢). The
relative difference between the minimum and maximum fidelities is approximately 30%.

The result that the fidelity of two weak measurement can be enhanced when they are not
aligned with one another offers some explanation for the result of section 4 that the fidelity
increases more rapidly when the qubit Hamiltonian and the probed operator do not commute.
The qubit Hamiltonian causes a rotation in the qubit’s state, while the state is being measured
along a fixed axis. This situation is, in some sense, equivalent to one where a number of different
qubit operators are sequentially probed.

A final comment that is worth making here regards the possible bases of the combined
measurement. As can be seen from the analysis of this appendix, when the two performed

—+

.0
sin ED , (C.8)

CoS —
2

New Journal of Physics 11 (2009) 083017 (http://www.njp.org/)


http://www.njp.org/

33 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

measurements correspond to directions in the x—z-plane, all the resulting matrices will be real.
As aresult, all the possible effective measurements will be in the x—z-plane as well (note that a
projector along the y-axis would be complex). In other words, when successive measurements
are made in one plane, they can only result in effective measurements made in the same plane.
This result explains why in the special case 8 = /2 all the possible measurement bases lay in
the x—y-plane; successive measurements along the x-axis separated by state precession about
the z-axis are equivalent to a sequence of measurements that are all performed in the x—y-plane.

Appendix D. Quantum state tomography

In this appendix, we derive the function that was used to perform quantum state tomography in
section 4.

We start with the objective of performing quantum state tomography using the available
measurement data, which we assume has been obtained using a (generally weakly coupled) QPC
as explained in the main text. We note that since the measurements in the different experimental
runs are generally performed in different bases, we look for a procedure that treats all the
measurements on equal footing and does not have a preferred measurement basis, or set of
bases. One obvious approach to follow is to construct a function that assigns a penalty for any
deviation by the ‘guess’ density matrix pg.s from a given experimental result (which takes
the form of a measured, pure state). The guess density matrix is characterized by the spherical
coordinates 7guess, Gguess aANd Pguess, Whereas the measured state is characterized by only the angles
in spherical coordinates 6; and ¢; (the index j denotes the different experimental runs). The
function to be minimized for purposes of state tomography will therefore have the form

T(rguess, quesy (bguess) = Z f(rgueSSa quess, (bgueSSa Qj, ¢1) (Dl)
J

In order to proceed further, we now consider what is done in the standard version of
state tomography where the average values (6,), (6,) and (0,) are measured and the density
matrix p = (1+(6,)0, +(6,)6, +(0,)6.)/2 is inferred from the measurement data. If we take
the measurement data for 6,, we know that we want the tomography procedure to produce
the result r cos@ = (N,; — N_)/(N,1 + N_;), where N,; and N_; are the number of times that
the measurement results +1 and —1 were obtained, respectively. We can therefore see that the
function f (Fguesss Ouess» Pouess» € =0, ¢;) will only be a function of (G guess) = auess COS Oguess
(or, in other words, the projection of the vector representing the guess density matrix along the
measurement axis). Taking this measurement data, we find that the function 7 has the form:

T (<6z,guess> ’ N+1, N—l) - N+1f (<5z,guess>) + N—lf (_ <&z,guess>) . (D2)

In order to minimize the function 7, we take its derivative with respect to (G gyess):

dT (<&z,guess> ) N+17 Nfl)

d(& > = +1f/ (<&z,guess>) - Nflf/ (_ <&z,guess>) . (D.3)
Z,guess
If we now use the Taylor expansion

f/ (<6z,guess)) = Z Cn <8z,guess>n ’ (D4)

n=0
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we find that
d 5 uess | » N ) N_ n n
T (<O—Z’g A > +l 1) = Z {(N+1 - N—I)Cn <6z,guess> + (N+1 + N—l)c’l+1 <6nguess> +1}
d (6, guess) n=02.4,...

= (N+1 + N—l) Z {Cn (6z,correct> + Cpyl <6'z,guess>} <&z,guess>n ) (DS)
n=0,2,4,...

where (6, comect) = (V41 — N_1)/(N41 + N_1). In order to ensure that the function 7 has a

minimum at (6, gyess) = (6z,cmect>, we must choose ¢, = —c,; for every even number n. The
simplest choice is ¢ = —c; = —1/2 and ¢, = ¢3 = - - - = 0. This choice gives the function
A 2
T (Fguesss Oguessr Peuess) = Y [1 = (6 guess)] (D.6)

J
which, when generalized to the case where the measurement axis is not necessarily the z-axis,
gives equation (37).
The detailed analysis of the different possible choices of ¢, in the function 7, and the
stability and reliability of these different choices, is beyond the scope of this paper.
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