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1 Introduction

Circuit quantum electrodynamics (cQED) has established itself to be a promising candidate for quantum information
processing. Superconducting qubits can be coupled to a cavity to entangle the qubit states with the bosonic state of
the cavity. Govia et al. [2] propose a high fidelity qubit parity measurement that is supposed to be a quantum non-
demolition measurement (QND). When we first simulated the system that was proposed, we obtained qubit dephasing,
which was induced by the measurement, and a significant decrease in the measurement fidelity for imperfect detection.
In this project we try to understand the back-action of the measurement on the qubit states, identify the origin of the
dephasing and quantify it. Furthermore we show how imperfect detection influences the measurement outcome and
in the end we propose a way to improve the qubit coherence and measurement fidelity. Sections 1.1 to 1.5 are taken
from my Master Projektarbeit [18]. For a better understanding of the rest of this thesis we will briefly review them.

1.1 Parity measurement and error correction

This section is a short discussion about the usefulness of parity measurement in quantum information processing.
For illustration we use a simple example for the detection stage of quantum error correction (QEC). The unavoidable
presence of noise in quantum systems leads to errors that have to be corrected. The origin of noise in quantum systems
is manifold and especially the measurement can cause decoherence and other errors. To protect quantum information
against noise there are QEC codes which encode the quantum state in a special way to make it resilient against noise.
To recover the original state, it has to be decoded by the quantum error correction code again. [5]

One of the simplest QEC codes is the repetition code. The qubit states are represented in Z-basis where the following
relations hold:

o*|0) = —|0) (1)

o?|1) = +[1) (2)

In the repetition code a logical qubit state |0);, or |1);, that contains the informations to be processed is represented
by a multi qubit state. A way this code might look like is

0y = [0)*7, 3)

|]->L = ‘1>®N7 (4)

where N is the number of physical qubits to encode the logical qubit.
The power of quantum computing comes from the usage of superpostions of qubit states that have for example the
form

) = al0)r + 1)L ()

A qubit flip is a possible error that can be corrected with the repetition code. Because of their finite relaxation time
and environmental influence quantum bits can spontaneously flip from |0) to |1) or vice versa. A way to find such a
flip is to measure every qubit. But in this case one would destroy the superposition state because the measurement
would project the superposition [¢) onto the subspace that has been measured. To avoid this, one can use multiple
parity measurements instead to extract only the required information, i.e. the location of the qubit flip. The operator
ojof,, with i,i41 € [1, N — 1] measures the parity of the neighbouring qubits 4 and i 4 1: Since the eigenvalues of
o* corresponding to |0) and |1) are 1 or —1 the eigenvalue of o707, is always 1 if the two neighbouring qubits are
in the same state and therefore they have even parity. If they are not in the same state, o707, ; has the eigenvalue
—1 and they have odd parity. The advantage of this method is that with it, one gains only enough information to
compare the qubits. For example for even parity we can not distinguish whether the neighbouring qubits are both up
or down. Therefore the measurement of o707, ; projects the state onto a subspace of given parity and preserves the
superposition of Eq. (5).

In the following example the function of such a correction can be easily understood. We start with an initial state
[)) = a|0), + b|1), and choose the number of physical qubits to be N = 4,
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|4) = a|0000) 4 b[1111). (6)

If an error occurs and for example the second qubit flips 1) changes to

[¥) = a|0100) + b[1011). (7)

The flipped qubit can be detected by measuring o707, ; on every pair of nearest neighbour qubits in this state.

0505(al0100) 4 b|1011)) = —|v) (8)
0505 (a|0100) + b|1011)) = —|¢)) (9)
05075 (a]0100) + b|1011)) = +|¢)) (10)

The eigenvalues of ofoj and o503 are —1 and the eigenvalue of o50f is +1. Therefore the error can be localized
because eigenvalue —1 stands for odd parity. So qubit 1 and 2 and qubit 2 and 3 are different. But qubit 3 and 4 are
equal. So it has to be qubit 2 that flipped.

One has to keep in mind that this was just an easy example of what parity measurement is useful for and this simple
example is just a special case of what is known as ”stabilizer QEC”. [12] Parity measurements are a part of many
promising QEC codes and there are many other applications for this kind of measurement. Other possible errors that
can occur in qubit systems are phase flips in 0% and ¢¥ direction. An error in z-direction will cause the error |0) < |0)
and |1) <> —|1). And due to the fact that 0®c¥ = io¥, a o¥ error is a qubit flip and a phase flip at the same time.
A possible quantum error correction code was developed by Shore [11] where 9 qubits are needed to encode a logical
qubit. This code is sufficient to correct for a single qubit flip, a single phase flip or for both at the same time. An
other more formal description of how many qubits are needed at least to successfully correct single errors, was made
by Hamming for classical error correction and is known as the quantum Hamming Bound. It can also be applied
on quantum error correction which was shown done by Gottesman. [12] If we encode a logical qubit in N physical
qubits, if j errors occur, there are (ZJV ) possible locations where the errors can occur. Every of these physical qubits
can encounter 3 possible errors (X, Y or Z) which leads to the total number of errors that can occur,

ﬁ:o (JJV) 3. (11)

All these errors must fit into the 2V-dimensional subspace of the physical qubits where we have to keep 2 dimensions
free for the actual logical qubit. This leads to the inequality

N

> (?)3]’ <oN-1, (12)

§=0
If only one error occurs at a time the inequality reads
(14+3N) <2N-! (13)

and we can see that it is fulfilled for N > 5. This means there is no code which encodes one logical qubit in fewer
than five physical qubits such that it is protected against all possible single qubit error.

1.2 Scalable two and four qubit measurements

In the publications ”High-fidelity qubit measurement with a microwave photon counter” [1] and ”Scalable two and
four qubit measurement” [2] Govia et al. proposed a promising way of multi qubit parity measurement. Section 1.2
will summarise the main concept of their proposal.
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1.2.1 A short review of the Jaynes-Cummings model

The system that was proposed by Govia et al. [2] can be described with the Jaynes-Cummings model and its dispersive
regime. The Jaynes-Cummings Hamiltonian has the form

H= WTQUZ +weata + glac™ +afo™).

It describes the dipolar interaction of a two-level-system (in this case a qubit) with the electromagnetic field of a
cavity. ¢? is the Pauli operator in the eigenbasis of the qubit. a and a' are the photon annihilation and creation
operators of the cavity mode. ot and ¢~ are the raising and lowering operators of the qubit. wg is the frequency of
the qubit, we is the cavity frequency and g is the coupling strength between the qubit and the cavity.
The dispersive regime where |§] = |wg —wc| and |§] > g is of interest, because in this regime the single photon energy
exchange between the qubit an the cavity field is suppressed in consequence of energy conservation. But higher order
processes of virtual photon exchange lead to energy shifts in the qubit and the cavity. In the dispersive regime the
Jaynes-Cummings Hamiltonian takes the form

Hyisp = wea'a + WQT—H(UZ + yatao?, (14)

42
wqQ—wc

where x = is the dispersive shift. In this limit, one can obtain (the second term on the right hand side) a shift

of the qubit frequency by ¥, the so called cavity (single-mode) Lamb shift. And much more important the third term
on the right hand side can be interpreted as a qubit state dependent cavity frequency shift. Therefore the qubit state
can become entangled with the cavity state. This fact can be used to measure the qubit by measuring the cavity.

This expression can be generalized to an N qubit system which is the starting point of the publication by Govia et
al. [2]

N
H =wca'a + Z (XnaTa + wn";Xn) o’ (15)

n=1

1.3 Proposal of Govia et al.

The parity measurement setup that was proposed by Govia et al. [2] is illustrated in Fig. 1. The superconducting
qubits @; are coupled to a driven cavity which can be read out with a Josephson Photomultiplier (JPM). The JPM
is better known as a phase qubit or a current biased Josephson junction. The parity measurement is split into three
stages. The driving stage, the measurement stage and the reset stage. The main interest of this project are the second
and the third stage, the measurement and the reset. But for a better understanding it is also necessary to go through
the main points of the drive stage.

(a)

Micrqwave
Drive JPM

Microwave Cavi
t Figure 1: N qubits coupled to a driven cavity

T 1 = that can be read out by a Josephson Photomul-
tiplier (JPM). (picture taken from [2]

<H
XH

Q1 Qn

1.3.1 Drive stage

The goal of this stage is to entangle the qubit state with the cavity. By driving the cavity with Hp = A(t)(a" + a)
the Hamiltonian takes the form
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N
H = A(t)(a' + a) + wea'a + Z (XQnana + W) o5, (16)

n=1

with the drive amplitude A(t) = ag cos(wpt). For simplicity one can reduce the whole system of qubits coupled to a
cavity to a system where the cavity has qubit dependent shifts. The reduced cavity Hamiltonian,

He = A(t)(a' + a) + @ca'a (17)

can be seen as a single mode oscillator with a rescaled resonance frequency we = we + X, where X¢ is a qubit state
dependent dispersive shift which depends on the number of qubits coupled to the cavity and the states in which the
qubits are. For a single qubit coupled to the cavity xo = sxg with s = £1 representing the eigenvalue of ¢*. Since
the publication of Govia et al. [2] is about parity measurement, there have to be at least two qubits coupled to the
cavity. Extending this model with a second qubit with the same dispersive shift x¢, the total dispersive shift on the
cavity is xg = £2x¢q for even qubit parity and xg = 0 for odd qubit parity as illustrated in Figure 2.

By driving the cavity at the frequency wp one obtains two different cavity state evolutions depending on the qubit
parity. The odd qubit parity state leads to the cavity state |ao) and the even parity state to |ag). Applying a drive of
the form A(t) = ag cos(wpt) will lead to the cavity amplitudes (Derivation can be found in Appendices Section 10.1.)

2
o (a0 \"1—cos(Apt)
N e (18)

and

aol? = (C;Otf, (19)

with Ap = & — wp. The cavity is put in a high amplitude coherent state if the qubit parity is odd. If it is even
the cavity is periodically oscillating back into the vacuum state. Setting the drive equal to the bare cavity frequency
wp = we leads to Ap = 2x¢. In this case agp = 0 for t = m/xg. Therefore the state of the system takes the form
Poga|)| ) + Peyen|t)|0). Where P,4q and Pey.er, are the projection operators on the odd and the even qubit subspaces.
This can later be used to distinguish the even or odd parity states by measuring the cavity at the time t = 7/xq.
If there are photons that can be detected the qubits have odd parity and if the cavity is dark the qubits are in even
parity.

In the N > 2 qubits case we can no longer perform parity measurement with a single frequency cavity drive, because
the degeneracy of the cavity frequency shifts splits. For a system with four qubits the odd parity produces dispersive
shifts of X = +2x¢ and the even parity gives Yo = +4x¢g and X = 0. This is illustrated in Figure 2.

(a) (b)

[00} [01) |10 Red Even  Red Odd Center Even Blue Odd  Blue Even
/\ wp /\ /\ /\ /\ A
|
I
—QXQ 0 +2XQ —4XQ —2XQ +2XQ +4XQ

Figure 2: Qubit dispersive shifts for 2 and 4 qubits: (a) 2 qubit dispersive shift. (b) 4 qubit dispersive shift. Red Even
corresponds to [0000), Red Odd to |0001), Center Even to |0011), Blue Odd to |0111) and Blue Even to |1111). Each
with every possible permutation of the state. [2]

So the drive amplitude in the N qubit case takes the form

t) =ap Z cos(wp,t), (20)
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where wp, = wc + X, are the dispersively shifted cavity frequencies for the odd-parity subspaces. There are several
other ways to entangle qubit states with cavity states as in for example [13].

1.3.2 Measurement stage

After the desired entangled state has been prepared in the drive stage, the drive amplitude A(t) is switched off. At
this point we want to measure the cavity occupation to distinguish whether the qubits are in an even or odd parity
state. Govia et al. propose in their publication [1] to measure the cavity occupation by a Josephson junction that is
biased with a current I, which is also known under the name of ”phase qubit”.

Ib < I(] (b)

Figure 3: i): (a) A current biased Josephson junction with the superconducting phase difference ¢ and the bias current
I. (b) and (c¢) show the potential energy dependent on the bias current I compared to the critical current Iy [3]

ii): Magnified potential energy in the regime I, < Iy during the measurement. The energy gap between |g) and |e)
can be tuned by the bias current I [1]

For the measurement the phase qubit is driven in the regime Ij, < Iy. The bias current also tunes the energy separation
of the ground |1) and the first excited state |2). Their energy gap is tuned on resonance to the cavity frequency we
so the coupling strength is maximal and a photon can be absorbed from the junction to get excited into the state
[2). If the phase qubit is correctly tuned, the probability to tunnel to the continuum is much bigger if the qubit
is excited. For simplicity we neglect the tunnel amplitude vp completely. The tunnelling to the continuum finally
produces a large and easily measurable voltage of order 2A /e where A is the superconducting gap and e is the charge
of an electron [1]. For the rest of this project we refer to this detector as the Josephson Photon Multiplier (JPM) as
proposed in Ref. [1].

1.3.3 Reset stage

In the reset stage the cavity is removed to the vacuum state to disentangle the qubit states from the cavity states. This
can be achieved through cavity decay or by actively resetting the cavity. The cavity decay has a too long time scale
which is not viable for effective quantum information processing and the active resetting can lead to errors because
the cavity can be perturbed by the back action of the JPM measurement. Since a coherent state |«) is an eigenstate of
the annihilation operator and « is its eigenvalue we should be able to gain information about the phase of the cavity
through the cavity decay via the JPM if the cavity state after the photon decay is still coherent. Given that we are not
able to gain information about the cavity phase and amplitude that are contained in a through the photon detection
via the JPM, the cavity is not a perfectly coherent state anymore after the measurement. Furthermore there is no
existing displacement operator D(3) that maps the cavity exactly back to vacuum. Govia et al. proposed that there
might be a different decay operator that describes the mechanism of the cavity decay through the JPM more accurate.
Their proposal was an approximation of the cavity-JPM dynamics by the operator B = Y. |n — 1)(n|. [1], [14]
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In Appendix 10.10 is a short discussion about this new operator. And we could show that the loss of coherency is
much bigger if we approximate the cavity-JPM interaction with the effective decay rate keg and this new B-operator
than in the actual full-system numerics. Furthermore the effect is negligibly small and for the rest of this thesis we
will use the normal annihilation operator a for the effective model where we neglect any loss of coherence. A much
more important and subtle effect of the coupling of the cavity to the qubits is that different parity subspaces lead to
different phases in the cavity. So if the time evolution starts in an initial state of the form |¢)) = |qubit) ® |cavity)
through the time evolution the qubit and the cavity subspace will not be separable anymore because the cavity gets
entangled with the parity subspaces and we will end up with a state of the form |¢) = |q1) ® |c1) + |g2) @ |ca) +
where |¢1) and |¢;) are different qubit and cavity states. So we will reset the cavity to vacuum after the measurement
to disentangle the qubits from the cavity.

1.4 Simulation of the System

As a first step in this project we numerically solved the master equation of the whole qubit-cavity-JPM system during
the measurement stage. This means that the Hamiltonian contains the terms for the qubits dispersively coupled to
the cavity and for the cavity coupled to the JPM by Jaynes-Cummings interaction. The whole system is illustrated
in Figure 4.

Figure 4: Full system: Two qubits cou-
pled dispersively to the cavity, which
is coupled to the JPM via Jaynes-
Cummings-Interaction. [2]

2

o~
=

For the rest of this thesis we will neglect all decay channels other than the decay of the JPM from its excited state |2)
to its continuum state |0). In reality there will be imperfections as for instance an imperfect cavity that looses photons
directly to its environment and qubits that can spontaneously decay from their excited state to the ground state. But
in a real system it will be necessary to improve these parts of the system against errors but the decay channel x; of
the JPM will always be necessary to extract information from our system. Therefore it is crucial to understand this
decay channel and the back-action of such a measurement on the system.

For two qubits the Hamiltonian has the form

H = (xq,07 + xq.03)a’a+ g(al1)(2] + a’[2)(1]) + w1 1) (1] + wa|2)(2] + weala. (21)

Where yq, are again the dispersive shifts of the qubits, a’ and a the ladder operators of the cavity, |1) and |2) the
ground and the excited state of the JPM and g is the coupling of the cavity with the JPM. Here, the measurement of
a photon can be regarded as a decay of the excited state of the JPM |2) to a continuum which is represented by the
state |0) with the decay rate x;. To start in the most simple system we assume that there is no thermal excitation
from the continuum back to the state |2). The master equation then has the form
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p=1[H,p] +rsD[2)(0]. (22)
with the Lindblad dissipator

1
D[O]p= 3 (20p0" = 0'0p — pO'0) . (23)

If we solve this system numerically shows it shows that the measurement leads to intra-parity subspace dephasing.
This means that we get a phase between the same parity states. In Figure 5 one can see that the expectation value
(6f ®03), which quantifies the intra-parity subspace coherence for two qubits, decays fast in time and does not return
to one again. This means during the measurement something happened that affected the qubit coherence.

(a) (b)

Full System ME Numerics g;/x =0.5 Full System ME Numerics g;/x=0.5
9.5 T T T T 9.5 T T T T
> 90 : : : : 1 >, 90 : ; : i |
o N T o>
O s ] i ; i 1 O st ‘ ; 4
v v v v — (') — (da)
7.0 : : : : 7.0 ‘ ‘ ‘ ‘
1.5 T T T T 1.5
.4:, 1.0 4:‘ 1.0 - - - -
Qo 0’ I I 1 — Q0 ' : 1 p—
3 o0 : : — (of @) 3 o0 \/ﬂ% J\<xb_ — (ot eoi)
Sls — o)) o W0 W W deteed)
Lo ; ; : ; — (of ®a3) Lo ‘ ‘ ‘ — (of ®ai)
0 &~z 3w I 0~z 3w I
4x x Ix X Iy 4x Iy, Ix X Iy
time time

Figure 5: Cavity decay and dephasing of the full system with different cavity decay rate at fixed « = 3 and x/g; = 100;
(a) For g;/x = 2.0 the cavity decay is fast compared to the revival frequency and the first and the second revival are
equal height.

(b) For g;/x = 0.5 the cavity decay is slow compared to the revival frequency and the qubit revivals decrease so they
are not equal height.

For simplicity we chose X1 = x2 = x and the qubit is initially in the even state |1)0) = 1/4/2 (|00) + |11)). The cavity
amplitude is & = 3. The value k;/g; = 100 represents that the excited JPM decays fast compared to the coupling
strength of the cavity to the JPM. The parameter y is responsible for the frequency of the revival which occur at
multiples of t,e, = 7/2x. If g5 > x and k; > g; the photon decays before the first revival occurs and after the decay
the qubit decoherence stops. If g; < x and k; > gy the photon decay takes on average longer than the first revival
and one can see that the qubit decoheres further after the first revival.

Investigating these numerical results we come to three main conclusions that will be further discussed in this project:

e The measurement leads to an intra-parity subspace dephasing. Which can directly be seen through the decay
of the expectation value (6¥ ® 0%) and its maxima not returning to one. We later also refer to this returning
maxima as revival of the coherence.

e The decay of the cavity stops after the loss of one photon which is a consequence of the JPM decaying to the
state |0) and not having the possibility to return into its initial state |1) which can physically be understood that
on a time scale that is much longer than the photon decay, the phase of the JPM is trapped in the continuum
state |0).

e The decay of the revival stops after the decay of the photon.

10
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e We can see that the expectation value (0¥ ® o3) does not change during the measurement. So the parity
measurement itself is not affected by the dephasing of the qubits and is therefore QND.

At last we have to keep in mind using here an even initial state does not exactly represent the real problem. In the
measurement stage (Section 1.3.1) we have seen that in the even parity case for two qubits the cavity is oscillating
back to the vacuum state. So we would not be able to measure a photon in this case because the cavity is empty. But
to simplify the problem we used x; = x2 = x. This would lead to a trivial time evolution of the odd qubit parity state.
Since we are mainly interested in the measurement stage we can neglect the driving stage at this point and focus on
the dephasing caused by the measurement. Later we generalize to the N > 2 qubit case, where the odd parity states
are not expected to evolve trivially even for y; = x2 = x.

In Fig. 6 the cavity amplitudes and phases are plotted for different times in the rotating frame of the bare cavity
frequency we. Initially the qubit and the cavity states are separable and can be written as a product state |qubit) ®
|cavity). After the time evolution begins the cavity starts to split in two different states with different phases that
are entangled with one of the two given qubit states |00) and |11). Later in this work we will describe this behaviour
more exactly. At the moment it primarily visualizes why the qubits show the revival behaviour and why the X and
Y expectation values go to zero between the revival times. The cavity states only overlap again at multiples of the
revival time ¢, = m/2x and the expectation value

(07 ®05) = (YloT @ o3 |¢h) = ((11] @ (1| + (00] @ (az|)(oT ® 03)(]11) @ [o1) +[00) © [r2)) (24)

depends on the overlap of the cavity states (a;|ag) which is close to zero, except at the revival times ¢, when the
cavity states overlap again.

(a) (b) (c)
Wigner Plot: Cavity-Qubits Wigner Plot: Cavity-Qubits Wigner Plot: Cavity-Qubits
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Figure 6: Wigner function of a cavity coupled dispersively to the qubit state 1/4/2(|00) + [11)). The initial state of
the cavity is |«) with the amplitude o = 4.

(a) initial state at ¢ = 0, (b) cavity states start separating after start, (¢) At ¢ = m/4x the states are maximally
separated (d) before the first revival the cavity states start overlapping again, (e) at the revival ¢ = w/2y the cavity
states overlap again perfectly (f) after the revival they separate again.
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1.5 The property of Quantum Non-Demolition

Govia et al. propose this parity measurement to be quantum non-demolition (QND) [2] which is necessary for effective
quantum information processing. Otherwise the measurement would change the state or even destroy it and following
measurements would be negatively influenced by the measurement.

T. C. Ralph et al. give a definition for QND measurement [4]:

”1. The measurement result should be correctly correlated with the state of the input. For example, if the input state
is an eigenstate of the observable being measured, then in an ideal QND measure- ment the measurement outcome
corresponding to this eigenstate should occur with certainty.

2. The measurement should not alter the observable being measured. For example, an eigenstate should be left in the
same eigenstate by the measurement.

3. Repeated measurements should give the same result. In other words, the QND measurement should be a good
quantum state preparation device, and should output the eigenstate corresponding to the measurement result.”

QND roughly means that a measurement will lead repeatedly to the same result. In the qubit parity measurement
it means that if one measures an even parity state, one would repeatedly get the same result. So far the proposal
of Govia et al. [2] seems to be right because the expectation value (cf03) does not change over time. But in the
simulations one can see that there is a decay in the expectation value of o{ o4 which is a consequence of an intra-parity
subspace dephasing caused by the measurement. The decay in the expectation value (ofo§) in the simulation is an
expression of a randomization of the relative phase between components of the same parity subspace. Importantly
QND measurement is not sufficient for QEC because a perturbation of the state during the measurement, even if the
parity measurement is unaffected, will lead to errors in quantum information processing. This is why we demand a
stronger form of QNDmness. We need eigenstate preserving QND (EP-QND) measurement. [6] The parity observable
Q = Q@ — Q_ applied on an even parity qubit state |even) = 1/4/2(|11) 4 |00)) always leads to the measurement
outcome +1. This is a consequence of the QNDness of the measurement. But since the subspace |even) of our
measurement () has a higher dimension than 1 it is still possible to have intra subspace rotations and this is what our
simulations show. The initial state has changed from 1/v/2(]11) 4 |00) to 1/v/2(|11) + €?2|00). Therefore the state
gained some intra parity subspace phase which do not affect the measurement outcome but the state itself.

The aim of this work will be to extend the measurement procedure of Govia et al. [1] to achieve EP-QND, where the
parity states are unaffected by the measurement Qleven) = +|even) and Q|odd) = —Jodd). This will be crucial for
further measurements and use of the qubits in a quantum information process and it will not be sufficient to measure
parity properly while corrupting the state in an other way.

An important point about the measurement via the JPM is, that the measurement scheme implies that the only
information that is extracted by the photon decay is whether the cavity is bright or not. And there is no phase
information available through the JPM. But just because there is no detection of the phase does not mean that the
information is not contained in the photon. Therefore the measurement via the JPM seems to extract more information
than needed from the system and therefore there is not only a projection of the full state on its parity subspace. Also
the phase information is projected onto the state. Elucidating the effect that this additional information has on the
measurement, will be part of this thesis.

1.6 Content of this Master thesis

To gain a better understanding of the system that Govia et al. proposed [2], we will investigate it step by step.
In a first section we will analyse a system where qubits are coupled to a cavity with and without photon decay to
develop some intuition about the back-action of the photon decay. In a second step we derive an effective model for
a cavity coupled to the JPM which will allow us to make analytic progress. Since in the end we will be interested in
single photon detection and the back-action of such a single measurement on the system, we change to the quantum
trajectory picture and describe our system with this approach. To gain some intuition about the differences of the
master equation and the quantum trajectory pictures we study qubits that are coupled to cavities with and without
leakage in both pictures. We will describe and compare them. And after that we will numerically solve the whole
system in the quantum trajectory picture and compare these numerical results with our analytical models that have
been developed for the qubit-cavity and the cavity-JPM subsystems. After that we are able to describe the back-action
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of the measurement on our system, we will investigate the last stage of Govias protocol [2], the reset stage. Since the
measurement back-action has a big influence on the initial state, we will also propose a way to improve the fidelity of
such a measurement and reduce the corruption of the initial state through the back-action, by dynamically decoupling
the dispersive part of the Hamiltonian.

2 Analysis of the qubit-cavity interaction

In this section we would like to investigate how the qubits and the cavity interact and how the cavity decay influences
the qubit coherence. This section already was part of the Master Projektarbeit [18]. For reasons of completeness and
readability it will be reviewed here.

2.1 Time evolution without cavity decay

First we look at the time evolution of a qubit state coupled to a cavity without any loss of photons. This system
is a vast simplification and not really physical but it will be the first step to understand intra subspace dephasing.
The Hamiltonian in equation (16) can be simplified by putting it into a rotating frame of the bare qubit and cavity
frequencies. In the appendices section 10.2 is a brief repetition for rotating frames and unitairy transformation.

The non trivial part of the time evolution is caused by the dispersive Hamiltonian

N
H= Z xq,alac?. (25)

2.1.1 Single Qubit

In the first part we are interested in the evolution of a single qubit state and later we will generalize it to N qubits.
The single qubit state coupled to a cavity |¢)) = |a)(a|0) + b|1)) evolves the following way:

) = e a)(al0) + 1)) = €IS TN m(al) + 1), (26)

with the number operator a'a = 7. Further calculations lead to

n ,—ixnt

~faf? /22 {a ‘f“X”t malo) + o

e mbi} = eI ”Z{“ew mal0) + X ) (e

Vn!
= alae™XH|0) + blae XY [1). (28)

The relations 0,|0) = —|0), 0,|1) = +|1) still hold.
So in this example one can easily see, that for ¢t = 27/x we are back in the initial state again. As expected there is no
inter subspace dephasing in the case the cavity does not loose any photons at all.

2.1.2 N Qubits

In this section N qubit states will be investigated with the same model of a perfectly lossless cavity. In the N-qubit
even parity state we have basis states of the form: |00000- - - ), |[11000- - -) and so on until we have the even state, where
all qubits are in the ”up” state [11111---). All these basis states will evolve differently except they are permutations
of each other. Therefore

e—xazafat|a>|00000 . > :|ae—iXNt>|00000 .. > (29)
efxcrzaTat|a>|11000 .. > :|ae*iX(N*4)t>|11000 . > (30)
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e—xazaTat|a>|11111 ) =|aetXNY|11111 - - ). (31)

So we have the following conditions for our driving time t:

it Ly g = 2T 32
‘ T (32)
+Li(N—d)xt . _2m
e =l=1t= 33
(N —4)x (33)
etitxt Ly oy T (34)
2x

If there are the same amount of qubits in the up and the down state the phase completely chancels and the cavity
does not rotate at all (in the rotating frame of the bare cavity frequency we). For even N there is a time tp = %
after which all the phases vanish and the relation e~*7*|3)) = [¢) holds. The evolution of the odd parity states is
similar. It will also lead to a driving time ¢ where the cavity returns into its initial state. The qubit coherence is once

again not affected by the cavity. So it can be said that its origin is in the extraction of photons out of the cavity

2.2 Time evolution with cavity decay

For a better understanding of the dephasing caused by the measurement, respectively photon decay, we investigate
the following system. It consists of two qubits in some initial state [1))g = ¢11]11) + co0|00) + c91]01) 4 ¢10]10) coupled
to a cavity that has a non-zero decay rate «.

The Hamiltonian in this case is the dispersive Hamiltonian. In a rotating frame with the bare qubit frequencies it
reduces to

H = wea'a+ (x10% + x205)ala. (35)

The master equation in our simplified case has the form

p=—i[H,p] +rDa] p. (36)

where D [O] p = £(20pOT — OTOp — pO'0) is the Lindblad dissipator. Because the Hamiltonian is diagonal in the
qubit subspace, we can write it in the following way:

H,

H.
H = H;[11) (11| + H5|00)(00| + H3|10)(10| 4+ H,|01)(01| = 2

i (37)

Hy

The H; are acting only on the cavity and have the form

we + x1+ Xz)aTa

we + X1 —

Hy =( (38)
Hy =(we — x1 — x2)a’a (39)
Hs =( xa2)a'a (40)
Hy =(we — x1 + x2)a'a. (41)

To simplify we also rewrite the qubit states |11) = |1), |00) = |2), |10) = |3), |01) = |[4). So they have the same indices
as the corresponding Hamiltonians.
Therefore our density matrix has the form
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P11 P12 P13 P14
P21 P22
p = put|1)(L| + pr121) 2] + p13[1) (3] + pra|){4[ + p2r [2)(A[ + ... = | | .
P41 P42 P43 P44
The Lindblad master equation can be solved component by component. The diagonal terms have the same form as
the normal master equation.

p11 = —i[Hy, pui1] + D [a] p1a (42)

pas = —i[Hy, paa)| + £D [a] paa (43)

The off diagonal terms do not have a standard commutator, because if we commute the matrices H and p we get
mixed terms.

p12 = —i(H1p12 — p12H2) + kD [a] p12 (44)
p13 = —i(Hip13 — p13Hs) + kD [a] p13 (45)
p3a = —i(Hspsa — psaHa) + kD [a] psa (46)

Since the density matrix is hermitian, it is sufficient to calculate the terms above the diagonal. To solve this master
equations we use the method of characteristic functions.
First we define the normal-ordered characteristic function

IO ) = tr p(t)er 7]

If we use the cyclic invariance of the trace e.g. tr[AB] = tr [BA] and the commutators [a, f(a,a’)] = 0f/8a’ and
[af, f(a,al)] = —0f/0a we get the following relations [3]:

C,[LPQT] =tr _paTe)‘“*e*)‘ ] = (,%C[” (47)
[ap] _ [p]
Olael = ¢ } (’)A*C (48)
[pa] — (o]
cleal = ¢ } w* )C (49)
af [
C,[l 7 =tr ane)‘“*e*)‘ “} (=X + 88)\)6'[” (50)
apa’ [ * 2
C,[l vl tr apaTe)‘“fe_)‘ “} = 8,\88)\* lolld (51)
ata [ *
C,[lp I_ tr paTae)‘a#e_)‘ “} == 8(/9\*)88)\0 (52)
ata [ *
o'l = i [atape! o] = (v - 5y D )

Calculating the derivative of C¥ and using the relations from the equations (42) to (46) we get

at =2"a _ o —xta
dtc’[bp” = tr | e’ e }:tr [(—l(HiPz‘j—Pinj)+ffD [a] pij)e* @ e 2| (54)
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To solve this equation we use the following ansatz for the matrix elements of the density matrix. For the diagonal
elements we use the ansatz p;;(t) = |ci;|?|o(t)){;(t)| where the phase factor is not time dependent and for the off-
diagonal terms we have a time dependent phase factor p;;(t) = ¢;;(t)|c(t))(c;(t)|. Here we used the same indices for
the amplitudes of the coherent states as for the Hamiltonians. For example the index 1 corresponds again to the qubit
state |11). With this ansatz the normal-ordered characteristic function takes the form

ClFl = Cle®lo)@ll — (g)ea”—A"a), (55)

If we use this Ansatz, the relations (47) to (53) and Eq. (55), we can calculate the matrix elements of p(t) by comparing
the coefficients A and A*.

Since we are mainly interested in the dephasing we first calculate the off-diagonal terms of p. In the appendices 10.4
one can find the full calculation for p15. If we calculate all the elements, we obtain the following differential equations:

G (t) = o (t) [—ilwe +x1+x2) - g (56)
Ga(t) = as(t) [~ilwe —x1 - x2) - 5] (57)
s (t) = as(t) [~ilwe +x1 - x2) - 5] (58)
da(t) = au(t) :—i(wc — X1+ y2) — g (59)
¢12(t) = —2icia(t)an (E) s () (x1 + x2) (60)
élg(t) = —2i013(t)0&1(t)0[§ (t)X? (61)
014(t) = —2i014(t)041(t)0t2(t)x1 (62)
¢a3(t) = +2icos(t)aa(t)as(t)x1 (63)
024(t) = +2i024(t)042 (t)aj; (t)x2 (64)
¢3a(t) = +2icza(t)as(t)ai(t)(x1 — x2) (65)

In our case where we are interested in the dephasing of the even and odd parity subspaces we do not have to evaluate
all the differential equations we just have to calculate ¢12(t) and cs4(t) which stand for the dephasing between the
states |11) and |00) respectively |10) and |01). The real part then of these phase factors is the intra subspace qubit
dephasing induced by the photon decay of the cavity, which corresponds to the expectation value of 0¥ ® 05. A way
to see this is just by calculating (6§ ® 0%) = tr [p(c] ® 0%)]. But one has to be careful with the calculation of 0§ ® o3.
Because in the basis we used in Eq. (37) 07 ® 03 takes the form

01 00
e . 1100 0
TTER=T 09 0 0 1 (66)
00 1 0
and
(of ® 03) = tr[p(of ® 03)] = c12(t) + c21(t) + c3a(t) + cas(t). (67)
Since ¢;;(t) = c;(t) we get the result
(07 ® 03) = 2Re[c12(t) + c34(t)] - (68)

The expectation value for the cavity occupation (afa) does not have to be calculated properly because it is clear, that
the cavity decays with exp(—«t). Because we defined the cavity leakage to be . In the Appendix section 10.3 one
can find the full calculation of the cavity occupation as a consistency check.
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2.2.1 Calculating the expectation value of of ® o3

For simplicity we assume y; = x2 = X and calculate the expectation value for of ® o3 for the initial state |))p =
1/4/2(]00) + |11)). Solving the differential equations for equations (56), (57) and (60) with the cavity in the initial
state |a) we get

v 16022 16a%xe " cos(4xt) + dkae™*sin(4xt)
(ot @) = 2Relera(t) + ean()] =exp { - 201 T i
doPxw [4a’ke”"" cos(4xt) — 16a*xe ™" sin(4xt)
R P + 162 X K2 4+ 16x2

The decay of the revivals is determined by the exponential in the function. Keeping in mind, that the time of the

revival is t = 5= (see section 2.1.2) where sin(4x¢) is vanishing and cos(4x?) is equal to 1. The decay function I'yey (t)

of the revivals simplifies to

16042)(2 —kt
ey (t) = exp {/€2+16X2(e - 1)} . (70)
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Figure 7: Cavity decay and dephasing of a leaky cavity with different ratios x/ of the dispersive shift to the cavity
decay rate and the cavity amplitudes are initially set to oo = 3.

(a) The ratio of the dispersive shift to the decay rate is set to x/k =1

(b) The ratio of the dispersive shift to the decay rate is set to x/k = 10

If we plot these results and compare it to the fully simulated system (figure 5), one can see two main differences of
the shape of (0f ® %) and the cavity decay (a'a).

e 1) Compared to the full system the leaky cavity continuously looses photons. In the full system one can see
a saturation of the photon decay after losing one photon. This is a direct consequence of the detection of the
photons with a JPM. After the detection of a photon the ground state of the JPM is not occupied anymore and
therefore no more photons can exit the cavity via this channel. The consequence of this is that the height of the
revival of the expectation value decreases continuously, whereas in the full system after detecting a photon the
revival height stays at the same level.

e 2) The decay rate k in the leaky-cavity-system is not the same as in the full system. In the full system the
leakage out of the cavity is determined by the coupling g; of the cavity to the JPM and the decay kj of the
excited JPM level to the continuum.
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Due to these two differences it will be necessary to determine an effective decay rate that contains approximatively
the physics of the JPM. And then take somehow into account that the decay of the photons stops after a certain time
when one photon has been emitted. In the next section we will first derive the effective decay rate of a cavity coupled
to a JPM.

3 Analysis of the cavity-JPM interaction

3.1 Adiabatic elimination of the JPM

In this section we try to understand the second part of the system. In section 2.2 we discussed the behaviour
of the qubits coupled to a lossy cavity. Now we try to understand the cavity coupled to the JPM. One of our main
achievements in this thesis is that we have been able to eliminate the JPM and approximate the cavity-JPM interaction
by a lossy cavity with an effective decay rate. Through this approximation it was possible to make analytic progress.
This will all be described in this section. The JPM is here represented by a 3-level system.

Figure 8: Cavity coupled
to the JPM via Jaynes-
Cummings-Interaction.
The JPM is represented
by a 3-level-system. |1)
and |2) interact with the
cavity. |2) can decay to
the continuum which is
here represented by the
state |0).

The states |1) and |2) interact with the cavity and the state |2) can decay to the state |0). We describe this system
with the Hamiltonian,

H = weala+wis|2)(2] + g (al2)(1] + a'|1)(2]) — wo|0) (0] (71)

The full system of qubits coupled to a cavity that decays through the JPM could only be calculated numerically. To
gain more intuition and to make analytical progress we present an effective mapping to a simpler model which captures
the physics in the relevant regime of the JPM. The cavity coupled to the JPM will be replaced by a cavity that decays
through an effective decay rate.

3.1.1 Resonant case

The case where the JPM and the cavity are on resonance was already discussed in Ref. [18]. For completeness and to
compare the result to the off-resonant case this thesis contains these derivations and results. In a first step we tune
the cavity and the JPM on resonance by setting the excitation energy wis equal to the cavity frequency we. The
energy of the state |1) is here set to zero. The master equation has the form,

b= —i[H, p] + kD [|0)(2] p (72)
where D [O] p = £(20pOT — OTOp — pOTO) again is the Lindblad dissipator. We can rewrite the Hamiltonian into the
reduced basis sates [n + 1, 1),|n,2), |n,0) and it gets the following form:

(n+1Nwe Vn+lg 0

H,=|+vn+lg (n+1lwc 0 (73)
0 0 —wo
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If we define
P11 P12 P10
p=|pa1 p22 pol|, (74)
Po1 P02 Poo

we can obtain the differential equations

2
K

—igsVn+1(p11 — p22) — 5 P21

P11 = —iggvn+ 1(p21 — p12) (75)
pa2 = —igsvVn + 1(pi2 — pa1) — Kp22 (76)
Po0 = KpP22 (77)

. . K
piz = —igsvn + L(pa2 — p11) — = p12 (78)
(79)

P21

Under the initial conditions, that p11(0) = 1 is occupied and p22(0) = I'mp;12(0) = 0 are unoccupied the differential
equations can be solved either with a Laplace transformation or with matrix exponentials (see Appendix 10.6 or 10.5).
When we define 8, = gyjvn + 1, we get

[

,/,;274;?3%
p22(t) = "62—745721(6 :

_ /H2,4372Lt
e 2 -

+ 2)e” 2t (80)

8672I KJ""_\/W —K,J+,/K,2J—16/s$1t Ky — /K3—16ﬂ% —KJ—,/K?J—ls/s%t ey
p11(t) =1-— e 2 + > e 2 —kge 2" | . (81)

K2 — 16432 2

If we go back to the differential equations (75) to (79), we see poo = kp22. Since poo(0) = 0 the solution for pgo(t) can
be found by integrating

t
Poo(t) = H/ dTP22(T) (82)
0
kB2 [am;)t 1 fVETRSE L
G NVICE VEP-B+5 s

[SIB

(e2'—-1)]. (83)

3.1.2 Off-resonant case

With a Laplace transformation (Appendix 10.6) it was possible to solve the differential equation for a non zero
detuning. For wg —wio = A #0

p11 = —igVn + 1(pa1 — p12) (84)
pa2 = —igVn + 1(p12 — pa1) — Kpaz (85)
Poo = KpP22 (86)
) ) K .

P12 = —zg\/m(Pm —p11) — 5/’12 —iApi2 (87)
) ) K .

pa1 = —igvV/n +1(p11 — pa) — P2t iAp21 (88)

To simplify the calculation we split p12 into its imaginary and real part.

. 1 . . K
pro = 5(pr2+ p2) = =5 plz + Apis (89)
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1 K

iy = Z(Plz — po1) = —gVn + 1(pa2 — p11) 20{2 - Apth (90)

When we apply a Laplace transformation from time to the s space with p(0) = (1,0,0,0)” we find the following
equations.

A g

R
_ 91
P12 s+ %Pm (91)
2671 I 2671 I
= = 2
P22 S+H012 s+/<;’012 (92)
1 26, ;
_ 93
P11 s s P12 (93)
B 2B (s + 5)(s + k)
p{2 = A2 1 = z : (94)

s(s+% +25%(%+S+K)) s—|—g—|—Azs(s+/€)+(s+g)2s(s+n)+2ﬁ%((s—}—n)(s—l—g)+8(s+g))

Here we used again the short-hand notation 3,, = gv/n + 1. In the end we are interested in pyg which can be obtained
by integrating pso. To find pas we just have to plug pl, into Eq. (92) and this will also cancel the factor (s + ).
To do the back transformation to the time space we have to calculate the integral

1 y+ioco .
t)=— d 5, 95
) =5z [ dsputo)e (95)
which can be solved if we find the factorized form of the denominator of the function we want to integrate. If we find
this form we only have to calculate the residua of the function and sum them up.

For A # 0 the poles of pl, are

1 \/+\/(165;§ + k2 4 4€2)% — 6482K2 — 1682 + K2 — 4e?
S0 = = +

2 V2

—K (96)

1 \/—\/(1663Z + K2 4 4€2)% — 6482K2 — 162 + K2 — 4€?
S - 97
S1 2 \/i K ( )

1 \/—\/(165% + k2 +4e2) — 6482K2 — 162 + K2 — 4¢2
So == | +

5 7 - K (98)

1 \/+\/(16ﬂ% + k2 4 4€2)% — 6482K2 — 1682 + K2 — 4e?
s3=5 |~ 7 —K . (99)

So the Laplace transfomed poy takes the form

28n(s + 5)(s + k)

s—50)(s —51)(s —s2)(s — s2)°

p22(s) = ( (100)

To do the back transformation we again only have to calculate the residua of paa(s)est and after that we again integrate

mfot p22(T)dT to obtain po(t)
The whole derivation can be found in the Appendix 10.6. If we go to the limit where A% < g2 < £2% we find the
simplified form of the occupation probability of the continuum state |0)
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poo(t) =1 — exp <—4,j’ (1 - 4A22)> . (101)

kg
Which leads to the effective decay rate in the detuned case
432 A?
ne=—2"11—4— ). 102
Kefr P ( Ii% ( )

This result is still photon number dependent and is valid for the dressed states |n+1,1), |n,2) and |n,0) now we have
to generalize it for a coherent state.

3.2 Approximation to make the transition from an initial Fock state to a coherent
state
For simplicity we can sum this solution of pgg over all n weighted with the squared Poissonian probability mass function

—lal?|y2(n+1)
Py = % which we justify in section 3.6. The index n + 1 comes from the initial Fock state |n + 1). To

keep that in mind we add the index n to ppp and change poo — pgy- As discussed in Section 3.6 with this calculation
we can approximate an initial coherent state with the solutions for the dressed states. Therefore

poo = Pui1pfo- (103)

n=0
The mean value and the variance of the Poissonian distribution are equal. In the high photon number limit we can
transform the Poissonian to a Gaussian distribution. Therefore we go to the limit ||? > 1 and rewrite 02 = p=n =
|a? and Y, P,41 becomes,

o —|al?|,[2(n+1) | — p)? >~ 1 — |af?)?
3 e a0 / exp (-W) dn = / ——exp (—W) dn. (104)
(n+1)! 0 oV2r 20 0 aV2rm 2|al

n=0

By Taylor expanding pf, around 7 = |a|?, we can evaluate the integral and check the relevance of higher order
corrections. For short hand notation we set A = 0 which is for the expansion nothing more than a constant change of
Kkl with the factor (1 — 4A?%/k%), which can be redone in the end again.

(n— |af?)®

§Pn+1pgo — /OOO a\}% exp <W> Poodn (105)
- /ooo v (‘%5”) [ﬁ ((;fl)p> <|a|2><"‘if“'2ﬂ dn (106)

- [ e (U5 [oal) + 4o~ o)+ 0%w)] dn (10

This integral can easily be solved. For zeroth order for the Taylor expansion we get,

A“ - 1277 exp (—W) oo (la*)dn = % <\/Ea + Erf U‘i]) P (Je?), (108)

where Erf is the error function which goes to 1 in the limit o« — oco. Since we are in this limit,

o] n — 0[2 2
| e (<255 sta)an = ol (109)

The first order correction then is
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loe|?
o1 (n— |a2)2) 2y d 2 ae” 2 d 2
exp | ——————— | (n— |a|*)—pgo (|a|)dn = ————pio(|a|?). 110
| e (<25 ) - 0y o aalian = 2 2L gyl (10)
The first order correction already is suppressed by the factor exp(—g) and can be neglected. In the second order

correction we have to be careful, because the integral is not vanishing for @ > 1. The second order correction has the
form

04\2
> 1 (n—af*)? oo @ qae 2 2\ €
/0 s P <_W (n—[al%) Wﬂooﬂa\ Jdn ~ | |af NrE + |a Wﬂoo(w ). (111)

The first term in the brackets of (111) is again vanishing exponentially but the second one with the term |a|? is not

negligible. However we also have to take into account the second derivative of pfj,. In the limit x; > [, we have
2

485
already seen that pf, simplifies to 1 — el Keeping in mind that 3, = gv/n + 1 the second derivative of pg, is

d2 _45% _4ﬁ 1694
W@ g —1lae rJ T?] (112)
EH
Multiplying equation (112) with the non-vanishing part in the brakets of equation (111) yields e™ =7 91—2"2. And since

we evaluate this term at n = n and 7 > 1, (8, will simplify to 8, = gvn +1 — gvn = glal. So the second order
correction can be rewritten as

2 2 02

: 113
2 e (113)

We are also in the limit k5 > 7 and so this correction is also negligibly small compared to the zeroth order. This
pattern repeats at higher orders. Odd order corrections are suppressed with the factor exp(—|a|?/2). Even order

corrections vanish because of the factor 5™ /k™ at order n. From this it follows that the effective decay rate of the the
initial JPM state |1) to the continuum [0) in the limit k; > 3, with 8, = gv/n + 1 and with 7 = |a|? > 1 is

JPM @ _ 49°n _ 497
off KR KRJ KR ’

K (114)

3.3 Effective decay rate of the cavity

The decay rate 2™ of the initial state of the JPM [1) to the continuum state |0) does not describe the decay of
the cavity accurately. But we know that a single photon has decayed from the cavity if the state |0) is occupied and
therefore the cavity occupation converges to

(afa) = [af® = poo(t) = |af® — 1 + exp(—rl;™1). (115)

And the cavity decay stops after one photon has decayed because the phase of the JPM is trapped in the continuum
state. The cavity starts at |a|? and its occupation changes approximately the same way as the occupation of the
continuum state and if the phase particle of the JPM decayed to the continuum state also the cavity occupation does
not change any more. The cavity occupation of a leaking cavity is (a'a) = |a|? exp(—xt). For short times the leaking
cavity and the effective model must decay with the same rate therefore we can expand both models for short times.

[a* = poo(t) = |of* — 1+ exp(—rl™'t) = la|* — gt + - (116)

la|? exp(—kt) = |a*(1 — Kt 4 -+ ) ~ |a]® — |a|?kt (117)

If we compare the two equations we find that the effective decay rate for the cavity is

JPM 2 2

cav Keft 49] A
= =——(1-4—]. 118
el T a2 T hy ( “3) (18)
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Because we have two different effective decay rates for the JPM and the cavity we label them. Mostly it should be

clear which decay rate we are using. If we examine a decaying cavity we use xS and if we examine the decaying JPM

JPM
we use Kyg -

3.4 Physical interpretation of the results: Purcell picture

For the derivation of kg in section 3.1 we used a model similarly to the Purcell effect [3]. The Purcell effect describes
a Qubit coupled to a single mode cavity via Jaynes-Cummings interaction with an environment. But the environment
only couples to the cavity and not the qubits. Nevertheless the relaxation of the cavity leads to a relaxation of the
qubits. If we look at the model given by

d

at”
with the Jaynes-Cummings Hamiltonian H = g(oc~a' + o%a) + %az + weata and the Lindblad superoperator
D[0]p = 3(20p0" — OTOp — pOTO). This equation describes a qubit with frequency wq, coupled to a cavity with
frequency we. The cavity decays with the rate x and the qubit itself decays with the rate I'. The coupling strength
of the qubit to the cavity is denoted by g. To find the influence that the decay of a photon out of the cavity has on
the decay rate of the qubit we follow the calculations of Keeling [10] to solve this system for the simplest states |e, 0),
lg,1) and |g,0). The last state cannot evolve into anything else and can therefore be neglected. Like in section 3.1 we
can solve this differential equation by changing the basis to these dressed states and rewrite

— —i[H,p| - kD[a]p—TD [0~ ] p, (119)

_ Wab
Hy = [“C 2 wb} . (120)
g 2
If we define
— [Pos Poe 121
r |:peg peJ ’ (121)

leads us to the closed set of differential equations

Pee = _ig(pge - peg) — Ipee (122)

Pag = —i9(peg — Pge) — KPgg (123)
) ) k+T )

Peg = —i9(Pgg — Pec) — Tpeg —i(we — Wab) Peg- (124)

Due to conservation peepgy — |peg|® = 0 and therefore we can rewrite pee = |a|?, pgy = |B|* and pey = af*. If we use
the product rule i.e. pe. = d/dt|a|?* = da* + ad* we can find the simplified form

i3 - {:zgg e s3] (125)

The eigenvalues lead to the frequencies

(iy - g) (iu +i(we — wep) — g) ¢ =0. (126)

In the bad cavity limit x > IT" the equation can be solved with
2

7 K wo —w 2
v=—t{ry g )+ N2( c — Web)g . (127)
2 T+ (we —we) T+ (we —we)

So the qubit decay rate which is the real part of the eigenvalue iv is enhanced by the factor

2
= . (128)
K 2
T+ (we —wep)
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Which simplifies in the resonant case to our already known effective decay rate 4¢g*/k. In the strongly off resonant
case where (wo — wgp) >> K it simplifies to the off resonant Purcell rate r£g?/d where 4 is the detuning.

So if we compare our results from section 3.1 with these results, we see that our effective model is a manifestation of
the Purcell effect. But in our model of a decaying 2-level system to the continuum we have the difference that we can
decouple the differential equations for a given subsystem |2,n), |1,n + 1) and |0,n). The decoupling is a consequence
of the switching off behaviour of the JPM. The cavity-JPM interaction stops after the decay and therefore no more
photons can leave the cavity. In figure 9 the coupling of the subsystems is illustrated.

1,n+1)"_ I2,n)

é[{, _,Sz"/// é/{; i nodirect\:\ F §Ii<]/\:z//\>

photon

decay i O 3 n>
Cavity-JPM-Coupling

:

Vacuum Purcell regime:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 9: a): Purcell picture Dressed states of a two level system (|g), |e)) coupled to a decaying cavity. The
differential equations for a non-zero initial Fock state |e,n # 0) are all coupled until n = 0 through the decay channel
k. The cavity can decay from its initial state until its ground state and can therefore couple with every other possible
state below the initial Fock state. The vacuum Purcell effect therefore only takes into account the states |e, 0), |g, 1),
|9, 0).

b): Cavity-JPM-Coupling In our ideal model, where the cavity itself has no leakage, the dressed states of a set
[1,n + 1), |2,n) and |0,n) can not couple to other states of different cavity states. So the ground state |1) of the
JPM couples via Jaynes-Cummings interaction to the excited state |2) which can decay to the continuum state |0) via
the decay channel k. The emitted photon v then will be detected. We also neglected the direct 2-level-decay rate I'
because we are in the regime k> g

Mathematically the difference between these two problems is that the Cavity-JPM-Coupling leads to a block diagonal
matrix for the differential equation of p with sets of differential equations of the same form as in the equations (75)
- (79). If we want to calculate this system for a coherent state we only have to solve it for one block like we did in
section 3.1. The Purcell problem on the other hand cannot be written as a block diagonal matrix and far more difficult
to solve if the cavity is not in the vacuum state. The blocks for a certain subset of dressed states will be coupled via
the decay rate k.

3.5 Interpretations

For the resonant effect it is somehow surprising that the effective decay rate is getting smaller if we go to bigger k.
Intuitively one could think that the cavity decays faster if we go to higher decay rates of the JPM. If we imagine an
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empty cavity with a decay rate x from the Purcell effect we know, that the 2-level-system in this cavity is protected
against decay because in the cavity it can only couple to a discrete amount of modes instead of a infinite amount of
modes in the continuum. If we add a decay channel k to the cavity the discrete energy levels of the cavity broadens
proportional to x. And the density of states at the cavity frequency we is proportional to 1/ (See figure 10). This
means if the 2-level system is on resonance with the cavity with x = 0 the system is not protected against decay
compared to the vacuum because it can directly couple to the cavity states. If we now add a decay channel there
are less states available because the density of states shrinks with growing . Therefore the decay rate of the 2-level
system shrinks. This is the resonant Purcell effect. In the off resonant case the decay rate of the 2-level system grows
with k. If we again imagine a cavity without decay there are only states available at the cavity frequency we and
the qubit can only decay with its intrinsic decay rate I'. If we add a non-zero decay rate to the cavity the energy
levels again smear out and now in the off-resonant case the probability of the 2-level system to couple to such a mode
increases. Therefore the off-resonant Purcell effect scales proportionally with «.

Figure 10: Density of states of a single mode cavity of
frequency we with a decay channel k. With growing

P 1 decay rate the density of states of the cavity smears
k out and even if the qubit that is coupled to the cavity
is off-resonant it can coupled to the cavity states.
|
|
we frequency

3.6 How good is the approximation of k.s on the example of py

To go from a cavity that is initially in a Fock state to a cavity in a coherent state we just summed the resulting
continuum occupation pf, with the Poissonian probability mass function (section 3.2). In figure 9 one can see why this
is reasonable. The dressed states of a given Fock state n give a closed set of states that do not interact with a set of
dressed states of an other Fock state m. This implies that the master equation can be represented by a block-diagonal
matrix. And the matrix exponential of such a matrix is again block-diagonal. And therefore an initial coherent state
will lead to a sum of the results of the Fock states. To perform the sum to come from the dressed state picture to an
initial coherent state we had to go to the limit > 1. In this section we will test this result by comparing the analytic
solution of pgo(t) with the numerics of a cavity that is coupled to the JPM. The analytic solution of pgg(t) was

poo(t) = 1 — exp(—rg™). (129)

For the cavity coupled to the JPM we solve numerically the master equation for the Hamiltonian

H = wea'a + wi2]2)(2] + g7 (a|2)(1] + a'[1)(2]) — wo|0)(0]. (130)

The JPM is modeled again by a 3-level system like in section 3.1 figure 8. The cavity is coupled to the states |1) and
|2) via Jaynes-Cummings interaction and the excited state |2) can decay to the continuum via the decay chanel x .
In figure 11 we can see that the analytical and numerical solutions match better if we go to bigger cavity amplitudes
a. For a = 1 we obtain that the continuum state |0) is not occupied completely. This is because the probability of
having lost a photon in a cavity that is initially set to o = 1 is far from 1 after the time ¢t = 1/kqg. So in this limit
the effective decay picture completely fails. But for a > 1 it holds and gets better for growing a.
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Figure 11: Occupation probability (poo(t)) of the continuum state of a cavity coupled to the JPM with different alpha.
We compare the analytic with the numerical solution. The time scale changes with different o because the effective

decay rate keg grows with bigger a.

(a)a=1(b)a=3

(c)a=4(d)a=6

3.7 ke at short times with Non-Markovian behaviour

If we do a proper expansion of pgy (Eq. (83) for i—i < 1 we get

B _as3 et 482 K2 _ap2 .
poolt) = g \\ 7 e rag (o ) Hale oY) (131)

Since K > B, the second term will be dominant. According to section 3.1 we get for 8, =~ gs|«a| the effective decay
rate

4 2 2
KIEM — L;ia' . (132)
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And poo(t) simplifies to

poo(t) ~ 1 — exp(—rig™'t). (133)

If we expand poo(t) from equation (131) in time we can see that this approximation does not hold. For short times
the occupation probability of the continuum becomes

93lalk,
3

So for short times the effective decay rate does not hold any more. To find out at which times this is the case we

compare the exponential decay with the effective decay rate in equation (133) and the expansion of pyo(t) in ¢ from

equation (134).

This effect is crucial for the calculation of errors that occur during the measurement at short times. Because for very

short times the exponential decay can be approximated linearly but in reality pgo behaves t3.

B 2 t(—)/%’zl—4ﬁ27%)
<_ %_4B2_%> € 2 t( é*‘l['p*%) 1

poo(t < 1) ~ £3. (134)

d2
a0 = K% — 162

(135)
Since 3 has a positive curvature and 1 — exp(—#, #ft) a negative curvature we only have to find the point where the
2nd derivative is zero. This is then the time where the short time approximation ¢> crosses over to the exponential
behaviour.
If we go to the limit x; > § it simplifies to

4%k " 4B% g2 - 452

~ 26 JQ(I{Jez’Jt B : tie rwt-i—,wt)'
k5 — 163

To find the time where this approximation is zero we can expand the exponentials and solve a polynomial equation.

Since we are in the short time limit of this expression this is reasonable. If we neglect O(3%/k%) terms we find that
at the time scale of

(136)

tpay = (137)
KJ

we change from the ¢3 to exponential behaviour. Since the only boundaries we have for the decay rate are «; > ;> y
we theoretically can keep this time scale as small as we want by going to the limit k; — oco. If we would like to include
this behaviour in our calculations we would have to go to the so called Non-Markovian limit where the Born-Markov
approximation does not hold any more and the environment has a memory. In this limit one could model a decay
function k(t) which full fills the properties poo(t < 1) ~ 3 and poo(t > 0) ~ 1 — exp(—xt). We do not have any
restrictions on k; we can go to time scales tgy; where the Born-Markov approximation holds almost from the very
beginning and the non-Markovian behaviour is negligible. Therefore we neglect it in this thesis. In [16] there is a
discussion about the non-Markovian limit of Jaynes-Cummings which could lead to a better understanding of short
time inaccuracy.

4 Quantum Trajectory

In the last sections we tried to understand the cavity-JPM interaction with master equations. We have been able to
derive an effective decay rate for a lossy cavity which is a good approximation for this system. A master equation is
the average over infinitely many measurements and ignores the outcome of the measurement. Since we want to model
a quantum measurement and its back-action on the system being measured we need a formalism that goes beyond
the master equation and keeps track of the measurement outcome. A trajectory on the other hand is a conditional
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state which reproduces the physics of a system to given stochastic variables. The quantum trajectory formalism
provides us with a description of the state of the measured system that accounts for the information gained during the
measurement. Therefore we can model again a lossy cavity with the effective decay rate kg and use the trajectories
to investigate what happens to the system if we would detect a decaying photon.

An other thing we can keep track of in the quantum trajectory picture is that the full model only loses one photon
because the JPM cuts off the decay. If we do the mapping from the full system to a leaky cavity with an effective
decay rate keg we lose this feature. A leaking cavity just keeps on decaying until its amplitude is zero. But now in
the trajectory picture we can just investigate the system until it loses the first photon and take the cut-off behaviour
into account.

4.1 Theory

The main idea of a quantum trajectory is to keep track of every measurement of the system. The master equation
on the other side is an averaged solution over infinitely many measurements. If we know every measurement record
(REC) we can write the density matrix as the sum over every possible measurement outcome. [9]

p= Z Prec|Yrec)(YrEC], (138)
REC

where Prpc is the probability of a certain measurement outcome. A possible measurement of our system could have
the form

REC — {(2), . (0}, (139)
ty

which means that first nothing is recorded until a photon 7; has been detected at time ¢; and afterwards nothing is
recorded any more. If we now measure only a single record REC, we know that we are in the state

p=|YreC)(VREC|S (140)

which is a pure state and can be unraveled and be represented as a state |)rgc) instead of a density matrix p. This
state is called a quantum trajectory.

If we now want to unravel an arbitrary density matrix we have to go back to the master equation. A state p(t) at zero
temperature in Born-Markov regime evolves according to the Linblad master equation

p(t) = —i [H, p] + D [a] p(t) (141)

We can rewrite the Lindblad super operator into a part between the photon decays L5 and in a part that causes the
photon decay Sy. [9]

b= (Lo +Sp (142)
Where
L =—i[H, -]—g(aTa~+-aTa) (143)
S.- = ra-al. (144)
If we have a pure initial state p = [)(¢)| we can rewrite the term between the jumps with the non hermitian
Hamiltonian Hg = H — igaTa
1
L) (W] = < (Hpl¥){W| + ) (| Hp') (145)

i
If Hp is plugged in, one can see that this is equivalent to the master equation without the jump term sa - af.

We can solve Eq. (142) without the jump part formally as p(t) = exp(Lpt)p(0). And in the derivation in Appendix
10.7 we can see that the following relation holds:
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p(t) = exp(Lpt)p(0) = exp(—iHpt)p(0) exp(iHpt) (146)

Important about this is that if we start in a pure state p(0) = [¢)(¢)| the state remains pure and we can unravel
the density matrix at any time in a state ) = exp(—iHpt)|1(0)). If we also want to include the jump part of the
Lindblad operator into this pure state we can look at it the following way:

The time evolution of the state is given by the differential equation

d .
£|¢> = —iHpl1). (147)

Since Hp is non hermitian we have to renormalise the state |1)') = |¢) + d|¢) an infinitesimally short time after the
state |¢). Which is

') = (1 —iH dt — gam dt) ). (148)
If we demand (¢'|¢)") =1 we get the following relation:
W) = (| (1 i dt — ga*a dt) (1 —iH dt — gafa dt) W) =1 — r{ata)dt. (149)
Here we used the Ito rule [15] dt? = 0 and therefore we get the normalized state

) = 1—iH dt — §ala dt
1 —k{ata) dt
At some time during this evolution a photon can decay from the cavity which we can model by applying an annihilation

operator on the state \/kalt). Since the decay is instantaneous we do not have to include time evolution when a jump
happens. If we normalize this jump part we get

) = (1 —iH dt — g (a'a - (a'a)) dt) ¥). (150)

(aia)

An infinitesimal change of our state is given by d|y) = |[¢’) — |¢). If we introduce the stochastic variable dN which is
1 if a jump happens and 0 if not we can put the time evolution and the jump part together and can write the change
of our state as

[Y') = |4) (151)

dly) = — (ifl dt + 5 (a'a— (a'a) dt) [v) + ( <ZTa> - 1) dN |, (152)

This is the stochastic Schrodinger equation.

4.2 Analytic solution of the stochastic Schrodinger equation

The stochastic Schrédinger equation is non-linear because of the appearance of {(afa) which makes the solution com-
plicated. By choosing the normalization such that (afa) = 1 we can simplify the equation to the linear stochastic

Schrodinger equation which we can solve. [3]
dly) = (5 —iH - Sa'a) dt [) + (a— 1) dN [) (153)

Using the identity 1 + A dN = exp(In(1 + A)dN) = (1 + A)4N, which follows from the fact that dN? = dN, and that
dt dN = 0 we can write to first order in d¢

6(t + b)) = [(0) + diw) = exp (5 — iH — Sa'a) dt) a™]o(2) (154)

By applying the reordering identity a exp(ca’a) = exp(e)exp(ca’a)a repeatedly we find the unnormalized solution of
the stochastic Schrodinger equation which we will also refer to as a quantum trajectory
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(1)) = exp { [g - (zH + g) aTa] t} exp {— (iH + g) Y(t)} aV O y(0)), (155)
with Y'(¢ fo dt'N(t') = ZnN:(tl) t,. This stochastic variable sums up all the jump times ¢,, and is zero until the first

jump occurs, then it is constantly ¢; until the second jump occurs etc.

5 Master equation vs. Quantum trajectories picture

In this section we investigate a single qubit that is coupled to a cavity which is initially either in a Fock state or in
a coherent state. First we will consider a perfect cavity with no leakage. Later we will also include leakage. We will
use these few examples to understand the mechanisms of quantum trajectory when we compare them with the master
equation. For the non leaking cases the solution of the master equation and the trajectory are identical. Which should
be clear, since there are no photon jumps. The Hamiltonian of the system is

H—wcaTaJr 5 Z 5% 4 yalao®. (156)

5.1 Cavity in a Fock state, without leakage

The first simple case we investigate is a single qubit dispersively coupled to a cavity in a Fock state |4). The cavity
occupation constant at (afa) = 4.

If we go to a rotating frame with the bare qubit frequency wq, and the bare cavity frequency we the time evolution
is simply determined by the Hamiltonian H = ya'ac?. If we choose our initial state to be |1g) = %ﬂe} +19)) ® |m),
the state at a certain time is given by

* %<e-ixmt|e> + et mtg)) @ m). (157)

Between the qubit states there is now a phase. With this specific initial state the qubit points in x-direction on the

Bloch sphere at the start and (o”(¢)) = cos(2mxt). With the time evolution it starts rotating in the x-y-plane and

it will point again in x-direction if the phase becomes e*X™* = ¢®i™  Therefore the frequency of the qubit rotation

depends on the state of the cavity and the phase between the qubit states vanishes for ymt = 7. In figure 12 the
No Ieakage (Fock)

phase of the qubit is visible.
— (o) — (o) — ()
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Figure 12: Initial Fock, no leakage: qubit coupled to cavity with no leakage. The cavity is in a Fock state of |4)
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5.2 Cayvity in a coherent state, without leakage

If we are initially in a coherent state and start with o) = %ﬂe) +9)) ® |), we get

(1) = e X9 i) = ccle) @ [T M) + ¢glg) @ [T Xa). (158)

and,

+2ixty

(@) = (W(O)]o”[¥(1)) = chegle X ale X a) + et (e ¥ ale N a) = chege 101 g relalf e (159)

In the last step we used the relation (a|8) = exp(—(|al? +|8|?)/2 + a*B).

(o™) is maximal for (1 — e*2?X*) = 0. This is the case if t = m/x. At this point we have the first revival which can be
seen in figure 13 The difference to the initial Fock state is, that in the coherent case the revival is just dependent on
x and the number of qubits and not on the cavity amplitude.

No leakage (coherent)

qubit

-1.0

o
1Al
vl =
Y
|5

Figure 13: Initial coherent, no leakage: qubit coupled to cavity with no leakage. The cavity is in a coherent state
with amplitude o = 3.0.

5.2.1 Comparison of a coherent and a Fock state

The different behaviour of a qubit coupled to a Fock or a coherent state can be understood if we think of the coherent
state as a superposition of Fock states.

e n
—elalf2NyT X
) = 23 i) (160)
If the qubits are coupled to a Fock state |m) we know that the speed of the phase rotation between the qubits is
dependent on m. So if we couple a qubit to a coherent state (¢%), it is approximately a superposition of ) cos(2mxt)
and these cosine interfere always except at t = %

But it is not obvious why (o®) almost vanishes between the revivals with this picture because there might be a point
where the cos(2mty) factors do not completely interfere. A simple explanation for that is, if we have a look at the time
evolution in the coherent case. In contrast to the cavity in the Fock state we do not get a simple phase between the
qubits by the time evolution. The time evolution is absorbed into the coherent state which can bee seen in equation
(158)

To calculate the expectation value we have to calculate the matrix elements (e~Xta|e™Xtq). But these are coherent
states that are rotating in opposite direction and therefore have almost no overlap except for the times t = ”7” with
n € N. This behaviour has already been described in section 1.4 figure 6.
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5.3 Cavity in a Fock state, with leakage

The quantum trajectory with the Hamiltonian H = wala + yo?ata of a cavity dispersively coupled to a single qubit
but now with leakage is

SN LOITARITO) (161)

[(t)) = exp { [E - (iw +ixo® + g) aTa} t} exp {f (iw +ixo® + 5

2
and for a cavity with leakage we get the following results:

Master equation (Fock)
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Figure 14: Master Equation, Cavity initially in Fock with leakage: qubit coupled to cavity with leakage. The
cavity is initially prepared in a Fock state |4). The decay rate & is set such that 1/k = 7/x.

Quantum trajectory (Fock)

H I I
4 . N .
. I

2| Jump

cavity

s, —
U‘i:ZO\Y/\Y/\Y/\W%\W\Wf W | X{ _—

Figure 15: Quantum Trajectory: Initial fock with leakage: qubit coupled to cavity with leakage. The cavity is
initially prepared in a Fock state |4). The decay rate k is set such that 1/k = 7/x.

In this case for the trajectory picture there is still no loss of coherence. The Bloch vector has always the length 1 and
spins with a frequency that depends on the number of photons that are still left in the cavity. So there is always a
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revival except for the case where the last photon leaves the cavity and the Bloch vector freezes. With our initial state
[o) = (cele) + cglg)) ® |m) the trajectory from Eq. (161) gets the form

) = x5 1+ ) - oo i+ ) o) [

x {ce exp {—ix(m — N(t))t} exp {—ixY (t)} |e) (162)
+ cgexp {+ix(m — N(t))t} exp {+ixY (t)} Ig>} ® [m — N(t)).

For this purpose we can simplify it to the form

() = NN (1)) |0 exp {—ix(m — NO)t} exp =iy (8)} )
(163)
T ey exp {-Hix(m — N5t} exp {+ix¥ (1)) |g>] ® m — N (1)),

because the first line in equation (162) only affects the normalization and gives a global phase. This factor will vanish
after the normalization of the state.
The operators a’a only affect the state [m— N(t)) to calculate the expectation value (a'a) = (¥(t)|atalt)(t)). Therefore

(aTa) = (m — N(t)|aTalm — N(t)) oc m — N(t), (164)

which corresponds to the Figure 15. N(¢) is a stochastic variable that starts at 0 and is increased by 1 at every jump.
So after N (t) losses of photons the cvaity is obviously in the state m — N ().
The calculation of the expectation value of o” leads to

(o) = |cecyexp{—2ix(m — N(t))t} exp {—2ixY (t)} + cicgexp {+2ix(m — N(t))t} exp {+2ixY (£)} |- (165)

In the figure 15 we see, that after every jump the frequency of the qubit rotation decreases. This comes from the
factor exp {—2ix(m — N(¢))t}. The rotation starts with the frequency 2xm and is decreased with every jump by 2x
until it stops at N(t) = m. This corresponds to the simulation. The factor exp {—2ixY (¢)} is the phase that the
qubit gained until the jump occurred. Y (t) can be understood as the memory of our wave function. We can interpret
the wave function as follows: The qubit rotates until the first jump occurred with the frequency 2ixm and after the
jump it rotates with the reduced frequency 2ix(m — 1). If we would not include the term exp(—2ixY (t)) in our wave
function we would only know the rotation frequency at a certain time ¢ but not the phase the qubit has gained until
that time.

5.4 Cavity in a coherent state, with leakage

A similar examination of two qubits coupled to a cavity in a coherent state has already be done by Govenius et al. [17].
We would like to apply their results on the same case as we have discussed before, a single qubit coupled to a cavity to
compare all possible cases. Since in the end we will have multi qubit states that are coupled to a cavity in a coherent
state, we will need this case for our approximation of the full system with the effective model.
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Master equation (coherent)
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Figure 16: Master equation: Initial coherent with leakage: qubit coupled to cavity with leakage. The cavity is
in a coherent state with a = 2.0. The decay rate « is set such that 1/k = 7/x.

Quantum trajectory (coherent)
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Figure 17: Quantum trajectory, Cavity initially coherent with leakage: qubit coupled to cavity with leakage.
The cavity is in a coherent state with o = 2.0. The decay rate & is set such that 1/xk = 7/x.

At first we see, that the cavity occupation decays exponentially with e="**. We again start with the analytic solution

for the quantum trajectory for a leaking cavity dispersively coupled to a single qubit from Eq. (161).
With the initial state |1)(0)) = (ccle) + ¢4lg)) @ |a) we get
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N(N) N(Y (1)

(1)) = aV® exp {gt} exp {—(m + g)Y(t)}

. o2 a™ ks . |2 o ke s
x{ec efzxy(t) e) ® 67% 2 : ef(zw+§+zx)nt n) + ¢ €+'LxY(t) Qe 2 E ef(szrgfzx)nt n
{ e ‘ > \/* | > g9 |g> . \/7? | >

v (166)
= NOON () {0 & o= 50t 30
+eget YW gy e_azz(l—em)|e—(iw+§’—ix)ta>} .
1 £ : o 2 —kKt y K ; n
Here we had to keep in mind, that the state [e”(“+3F%0f) = e e Yo e—(lw+§+lx)”t%‘n> has a different

normalization than the original |a) because the damping factor e~ 2! in the cavity state affects the norm. But
since this factor appears as a factor in both qubit subspaces we can also absorb it in the norm and denote it as
loe|?

N(a) =e "2 (1_57”)

[$(1)) = NNIN(@NY (1)) {cce™ ™ Ole) @ e (5510010 4+ ¢, O)g) @ et E-00ta) b (167)

. c 1 . e ey .
To normalize this state we only have to apply a prefactor of NN @ON D) because from the initial state we already

know that (|ce|? + |c4|?) = 1. If we calculate now the cavity occupation (a'a) we get

W®)a'alp(®)) = (el + ey ) afPe™" = |af?e™"*
—_———— .

(168)
=1
For the decoherence we get
8 v
(0%) = cec;e_%xy(t) (e wHs+ixty | o= (W5 =00t) L he. 3. (169)
2 ~ 2 «
Here we can use that (8|vy) = e~ 55467 and we get
(o) = {c@cZefziXY(t)e*‘alge_m(kemxt) + h.c.}
(170)

—2 _ 2 —rt(q_ . . 2 gkt .
cecze 21xY(t)€ |a]“e (1 Cos(2xt))ez|a\ e sin(2xt) +h.c.

Amplitude Phase

To interpret this we have to look at the factors separately. The factor e~lal’e™" (1=2ixt) can he split in a real amplitude
part and an imaginary phase part. The amplitude is maximal if cos(2xt) = 1 which is again the revival condition
trev = mn/x. The phase is also time dependent and is zero for the revival condition because sin(2xtrey) = 0. If
we picture the qubit again in the Bloch sphere it starts in « direction if we choose c. = ¢4 = 1/ V2 The amplitude
decreases with the time and increases back to 1 at the revival. But the rotation in x-y-plane is not a whole rotation
any more. If we start in x-direction it is a small oscillation around the x-axis in the x-y-plane. The factor e~2xY (%)
is a phase factor that changes its value at every jump. So when a jump occurs the qubit can flip in every direction
in the x-y plane. This can also be seen in the Figure 17. So the whole motion that comes from the first factor is still
unchanged but not any more along the initial direction which was in our case the x-axis. Furthermore the jump is not
visible in the cavity occupation because a coherent state |«) is an eigenstate of the annihilation operator a.
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5.5 Average trajectories, to get back to the density matrix picture

In this section we would like to show that the average of infinitely many trajectories leads to the same result as the
solution of a master equation. Since we would like to investigate qubits dispersively coupled to a cavity in the end we
show it with the simple case of one dispersively coupled qubit to a cavity. For simplicity we choose the cavity to be
initially in a Fock state which will also simplify the averaging.

5.5.1 Cavity in Fock state

For H = (w + xo?)a'a the trajectory has the form

[(t)) = exp { E - (z’w +ixo® + g) aTa} t} exp {— (iw +ixo® + g) Y(t)} a¥®](0)). (171)

If we have the initial state [1/(0)) = (cc|e) + ¢c4lg)) ® |m) it gets the form

m!

(1)) = exp {gt} exp {— (z’w n g) (m — N(t))t} exp {_ (iw + g) Y(t)} Ty
X {ce exp {—ix(m — N(t))t} exp {—ixY (t)} |e) (172)
+yexp LHin(m = N(O)}exp (Y (0} 9)| @ m = N ()

At first we have to realize that |¢) is not normalized and we have to be careful with the normalization. Therefore we
denote the unnormalized state |1) and the normalized state |¢)). The probability density of the final state |¢) is given
by

PWM#/WM(NHH) (173)

where P(N,{t;},t) is the joint ostensible probability distribution for having had, after time ¢, N jumps at the times
ti..ty. P(N,{t;},t) = P(N,t)P({t,}|N,t). Ostensible, because it has to be reassessed with the factor (1|¢) to
lead to the actual probability P(|1)),t) of a certain trajectory |¢). To find the density matrix we have to asses every
normalized trajectory |1ZJ> with its probability.

i P(] ()| (174)

0

N=
The bare qubit density matrix is the partial trace of p(t) over the cavity states,

pas(t) =Y _(nlp(t)n) (175)

n

If we now plug together the equations (173) and (174) and use that |¢)) = N|1/J ) and N = /(¢|yp) the calculation
simplifies to.

0= [ POV gt} wlde - dy (176)
N 0

As an example for the matrix element |e)(g| we get

N!
——

[¥) (leq PN {ti},t)

i) = i ert _omt e FUM=N) g =rY () o =2ix(m=N) o= 2ixY (¢) e le)(g] ® [m — N)Y(m — N|dt;, (177)
o (m _ N)' g (2]
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where we denote the element |e)(g| with 1] as a short hand notation. Now we can use that (m’fi\,)! + = (%) and trace

out the degree of the cavity by applying ), (n|---|n).

m m—n
Tt * K MY _nt(k+2i —t(k+21 men
Pab _Cec‘qz<n+2ix) (n)e ) (1_6 e X)> (178)

Which can be shown is the same result as we have already found for the master equation in the Appendix 10.8 Eq.
(386). By using the binomial formula (z 4+ y)™ = 31" (™) z"y™ " we get

n n

Tk K —t(r+2i —t(r+2i "

Pgp = CeCy (H Six (1 — e X)) +e ! X)> (179)

CeCy ( ( —t(r+2i )) iv ) t(r+2i ))m
- °9 1 X +2 X 180
(et 200 K e + (k ix)e (180)

CeCZ; —mt(k+2ix) ( t(k+2ix) ; >m

=__ -9 +2 . 181
= 22’)()’”6 Ke 5% (181)

This can be done analogous for every other element of the density matrix of the qubits and verifies that the average
over infinitely many quantum trajectories correspond to the solution of the master equation.

5.5.2 Calculation of (o%)

If we look at expectation value (0%) = 2Re[pgi] we can examine another phenomena which links the quantum trajec-
tory to the density matrix. We can see that (o%) does not go to zero for ¢ — co. The qubit rotation in figure 15 slows
down for every photon that leaves the cavity and if the cavity is empty the rotation stops. At which point the rotation
stops is completely random and can not be predicted. But we can show that this expectation value averaged over
the trajectories converges to zero if we go to higher initial Fock states m or if we increase the qubit rotation frequency x.

(o) is proportional to the real part of pglf. In the limit ¢ — oo Eq. (181) simplifies to

Z m Cec; m( % )m (182)
K = K K — 421 .
R N R N .

To find the real part of this term we have to separate imaginary part and the real part of (k — 2ix)™. For a complex
number the relation z™ = r™e™¢ holds. For this let us call

CeC

pgi(t —00) =

z=Re(z) +ilm(z) =k — i 2x. (183)

Therefore

r=/Re(2)? + Im(2)? = \/k2 + 4)2. (184)
Since we are interested in the minimum of the coherence that is left after starting the evolution in a Fock state |n) we
can look at the absolute value of the whole expression for pglf and therefore neglect the phase ™
ceCt KM ceC; K™K 4 4x2)™/? CeChR™ cect

11 9 ;
. _ _ _ = 1
‘qu( — OO)| (,‘{2 + 4X2)m (K,2 + 4X2)'m (52 + 4X2)m/2 14+ % ( 85)

We can physically interpret this result as follows: If we start at Fock states with high occupation numbers, m — oo,
the final values of a single trajectory of (o®) average to zero. So the qubit stop randomly pointing in any direction
of the x-y-plane of the Bloch sphere and that averages to zero. If we go with kK — oo the decay is instantaneous and
the qubits stay in the initial direction because they have no time to rotate. And if we go to qubit rotation frequencies
X — oo we end up in a similar case as in m — oo because if the qubits initially rotate at high frequencies their
direction in the x-y-plane is also distributed equally and averages to zero.
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6 Full system numerics in the quantum trajectory picture

Now we go to the 3-qubit case. Since the effective decay rate for the JPM is to first order correction quadratic in
the detuning we could not obtain any difference in the decay rate between the parity subspaces for the 2-qubit case
because the dispersive shifts of the cavity are equal for the odd states |01) and |10). With 3 qubits we can construct
an initial state where the cavity is shifted differently for the same parity states. If we define an odd parity as a state
with odd number of qubits in the excited state |1) we construct the initial state

_ b
V2

To visualize phase factors that we gain in the odd parity subspace it is helpful to map a multi qubit state on a logical
qubit state |u) or |d). This is possible because the time evolution caused by the Hamiltonian cannot flip the qubits.
Therefore we stay in theses parity subspace. We restrict ourself to the 3-qubit case because the simulation time grows
exponentially with the number of qubits.

|¥) (

| 111
<~

u

) +1100)) @ la) @ [1) e (186)
d

For a better understanding what happens to the qubits we perform a mapping of the qubits to a 3-qubit Bloch sphere.
This can be achieved by defining Pauli operators for 3 qubits similar to the 1 qubit case. This is only possible for two
parity subspaces at the same time. This is also a reason why we restrict ourself to the qubit states |111) and |100). We
could also include any permutation of the former state but this would us not allow to use the more intuitive picture
of a Bloch sphere. We define the Pauli matrices analogous to the 1-qubit case where |u) is the eigenstate of o to the
eigenvalue 1, 0® changes from one qubit state to the other, etc. If we do so we get the following multi qubit Pauli
matrices:

oz = [u){u] —[d)(d| (187)
oz = |u)(d] + |d)(ul (188)
oy = —ilu)(d| +ild)(u| (189)

With these operators we can like for a single qubit describe the qubits with the direction on the Bloch sphere. E.g.
(0%) =1, (69) = 0 and (0®) = 0 for the initial state |1)). That means the Bloch vector is pointing in x-direction at
t=0.

6.1 Probability preserving intra-parity subspace phase-kicks

The dispersive term of the Hamiltonian leads to the qubit state dependent cavity phases

lu) — e~ 3t (190)
|d) — eT™xt, (191)

So a revival will occur if the two cavity states overlap again and the revival condition is

e—Sixt _ e+iXt — 2T — 3Xt =Xt = trev = 2l
X

The Hamiltonian of the full system is the same as in section 1.4 with one more dispersive term for the 3rd qubit. If
we assume that the dispersive shifts of the qubits are equal xg, = x0, = X, = X it follows that

(192)

H = x(0% + 0 + 02)aTa + g(a|1)(2] + a'[2)(1]) + w1 |1) (1] + wa|2) (2] + weala. (193)

From equation (167) we know how the stochastic wave function looks like. The only difference now is that we have
other cavity phases and two different decay rates corresponding to the qubit state (ky, kq)-

() = N { N, €3 ) @ [ (49010 4 g HIXY O] @ o=t 2 -0} (194)
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Like we mentioned in section 5.4 we have to take care of the renormalization of the decaying coherent states because
exp(—k/2t a'a)|a) is not equal to |oexp(—#/2 t) and now we cannot absorb the renormalization into a global prefactor
because the decay rates are different for the qubit subspaces. Nevertheless the normalization condition is not important
to find out more about the complex phase we gain through a photon decay. In the next section it will be discussed
further because there will be two different effects. On one side we will have qubit rotations in the logical x-y-plane on
our new logical Bloch sphere which will be part of this section. And on the other hand we will obtain decoherence in
z-direction that is caused by the normalization that is part of the next section.

If we map this state similar as in equation (170) on the multi qubit Bloch sphere we get

7 A _ 2 —Kkyt(q_ ; 2 —kyt
<0,x> :NQ an‘/\/'md e 4ixY (t) e |a]|e (1—cos(4xt)) €2|a\ e sin(4xt)

Amplitude Phase
e (195)

+ Nka Nn e+4ixY(t) e—|a\267“dt(1—cos(4xt)) 6—i|a\267'{dt sin(4xt)
d u

Amplitude Phase

For the revival condition t,., = 7/2x the factors that are denoted as amplitude and phase are both equal to 1 and
the expectation value simplifies to

(07(t = trev)) = N2, cos(4xY (1)) (196)

N2 | is the new normalization which will be investigated further in the next section. Y'(t) is the stochastic variable
Y (t) = >, t; which summed up all the jump times. Since we only have one jump in our model it will only have the
values Y () = 0 if no jump occurred and Y'(¢) = t; after the jump where ¢; is the jump time. The same procedure

leads to the expectation value in y-direction

(07(t = trey)) = N2, sin(4xY (t)). (197)

These are exact results and therefore we know the direction that the Bloch vector points to in the x-y-plane at the
revival when we measure a decaying photon and record the jump time ¢ ;.

Figure 18 shows the numerics of the full system time evolution in the quantum trajectory picture. It summaries
the main results of this section.

At first we can see that the cavity decays until the jump occurs and after that there is no more decay. This is due
to the cut-off behaviour of the JPM. The expectation values of the Pauli matrices show that there is no decoherence
before the jump and at the jump the Bloch vector gets a kick in a random direction in the x-y-plane. The expectation
values after the jump at the revival time ¢ = t,., are plotted as a dashed line and called ”X-Kick” respectively " Y-
Kick”. According to equations (196) and (197) they are simply the sine and cosine of 4xt;. The marked intersection
(red circle) shows the amplitude of o and o? at the revival time. The only thing we did not take into account is
the renormalization factor N 3u, , Which can be understood as a squeezing of the projection of the Bloch vector in the
x-y-plane. Which is nothing else than a shift of the vector to the z-axis. This will be the subject of the next section.

39



Master Project: Multi-Qubit Parity Measurement Patrick Hiimbeli

Complex Phase

5
o -
- — SfF e ]
> S iump: |
s o= N
0 L1 ! !
1.5 . , .
+ 10X --------------- S SR T — o
O o5 flocee e @loveeaafoeeaad | TN
cf

Figure 18: Full system numerical calculation of the quantum trajectory: The first subplot shows the cavity
occupation and how the decay stops after the jump. The second and third subplots show the direction of the Bloch
vector in x-y-plane (o?). The black dashed lines "X-" / ”Y-Kick” show the analytic result of the Bloch vectors phase
at the revival time ¢,0,. The red circle marks the intersection of the revival time ¢ = nw /2y with the expectation value
and shows that there is a good agreement with the analytics (X / Y-Kick).

6.2 Probability altering intra-parity subspace rotation

Because of the parity state dependent effective decay rate besides the complex phase between the odd parity states
we also gain a real prefactor. This prefactor can be interpreted analogously to the 1 qubit case as a shift of the qubit

in the z-direction. If we again start in the state |1(0)) = %(\ 111) +100)) ® |a) the state at any time t before the
u d

jump is

(e—¢(1—e*”“t)‘u> ® e Ftemitoun) 4 e—$(1_e*“dt)|d> ® |a€—%dte—it¢'d>>
t)) = . 198
|¢( )> \/e|a|2(17677\7ut) + e|a\2(lfe*"dt) ( )
We will focus on the real factors that we gain from time evolution and furthermore the complex phases ¢, q have been
already discussed in Section 6.1. Therefore we neglect them for this section.
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. S la|? —ru S
The denominator comes from the normalization of 1) and the prefactors e 2 (1—¢ ") come from the renormalization

of e=59'|) because this is not exactly equal |ae™5¢),

2
e—%aTat|a> — e—%aTate—% Z
n

) =Y toe 20", (199)

and if we want this to be equal

(ae_ 2t)n

Nae 2t = Nelal?e™ Z

n

(200)
we have to compare coeflicients and find that

2 — Kt
N =e 2 1=, (201)

If we have different decay rates for the states |u,d) these prefactors from the normalization do not vanish in the
expectation value of o3 as a global prefactor.

elal(—em™ut) _ —la?(1—emrat)

(o:(t < 1)) = (202)

e—lalP(1—e=rut) 4 o—|al?(1—e™"at)
For Kk, = kq {(0z) is constantly zero. If they are not equal it becomes non-zero for ¢ > 0 and it vanishes again for
t — oo. If a jump occurs we apply the collapse operator /ka on our state. And since we have two different decay
rates for the two qubit states we apply \/kua on the cavity state corresponding to the qubit state |u) and /kqa on
|d) The state than becomes

Ky - @ 2 — Kyt Ku .
[Y(t > ty)) =Ny <a\/mue(2“¢“)t"e2l(1e J)|u> ® |ae™ 2t it0u)
(203)

2
lo]

+a\/@e—(%"ﬂ%)we—T(l—e*”dt")|d> ® |ae—?we—it¢d>> )

Again we neglected the complex phases of the coherent state and the prefactor. The former would not stop spinning
even after the jump and the later has been discussed in the last section. The normalization is

1
Ny = . (204)
\/|Oé|2f~£ue—"“"t1e|a‘2(1—efﬁ"t"> + |2k e rats elal?(—e7 ")
And the expectation value after the jump is constantly
ko g~ Rutsg—lal®?(l—e™"ut7) o —katy o—|a|®(1—e™"d")
(oz(t > t,)) = — d (205)

fege—utse—|aP(I=e= ") | o omnatyg—lal2(1—e ~a') "

In figure 19 we plot the numerics of the full system against the analytic results of the behaviour of the Bloch vector in
z-direction. The analytical expectation values (oz(t < t)) and (oz(t > t)) agree very well with the numerics of the
full system. There is a small difference coming from the non Markovian behaviour of the cavity decay at short times
which we discussed in section 3.7.
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Figure 19: Full system numerical calculation of the quantum trajectory: The first subplot shows the cavity
occupation and how the decay stops after the jump. The second subplot shows the direction of the Bloch vector in
z-direction. Here we compare the full system numerics (solid blue line) with the numerical values before (dashed red)
and after (dashed green) the jump. The third subplot shows the direction of the Bloch vector in x-y-z-direction ({c*)).
The change in z-direction is very small and therefore not visible in the third subplot.

In conclusion we showed that we can, analogously to the one dimensional case, predict X, Y and Z shifts of the
odd parity state for three qubits accurately before and after the jump and we can describe the wave function of the
system with high accuracy (equations (198), (203)). Furthermore we can also see that the transversal decoherence in
z direction is a small effect compared to the ”kicks” in the xz-y-plane.

There is no restriction for qubit states with qubit number N > 3. The calculations can be made in a similar way.
Only the mapping on a Bloch sphere will not work for more than two qubit states per parity subspace. Nevertheless
the state can be predicted in the same exact manner for more than three qubits. Also if we assume that we have an
unknown initial 3-qubit state of the form,

1) = cilar) + c2lgz) + -+ (206)

where |¢;| can have any value between 0 and 1. The prediction of the phase and transversal decoherence of a single
ket |¢;) does not depend on the other states that are part of the superposition. Therefore we can predict the prefactor
we gain for every substate that is part of the superposition separately and we do not have to know what the initial
state of the qubits was. We only have to know the initial state of the cavity that is entangled to the qubits, which
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we will do after the measurement. This is necessary because the decoherence is dependent on whether the cavity was
bright or empty. This information and an exact tracking of the measurement time will be sufficient for a prediction.

7 The reset stage

At the end of our qubit parity measurement we want to disentangle the cavity state from the qubit parity subspaces.
This will be necessary that we are able to write the state of the full system again as a product state of a multi qubit
state |¢)) and a cavity state |«). If we are able to do so, the qubit state can be separated from the cavity. In this
section we would like to achieve this by driving the cavity back to vacuum. If the parity subspaces are both entangled
with the vacuum the separation of qubit and cavity states is fulfilled. To see if the reset to vacuum was successful
we investigate the overlapp of the cavity state with the vacuum (aenq|0) for different dispersive shifts x and different
ratios for Z—‘j. If this overlapp is close to 1 we know that the cavity was reset exactly.

A cavity displacement can be achieved by driving it with a Gaussian pulse. In our case where we will have multi
cavity states whose frequency depend on the corresponding qubit parity state we have to drive every cavity state with
its own frequency. Furthermore we have to take care that the drive for one cavity state does not affect an other cavity
state. In frequency space the Gaussian pulse has the form

2
o €277 b <_; (w _UWD> > , (207)

where wp is the frequency of the cavity drive, o is the variance of the Gaussian in frequency space and £ is the
amplitude of the drive. The first case where we have different effective decay rates for the same parity states is in
the 3 qubit case. The states |111) and |100) both have odd parity but the former has a dispersive shift of +3y and
the latter has —x and therefore the effective decay rate ke varies. The cavity frequencies for odd qubit states are
separated by 4x. Due to this separation we have to choose the variance o such that the pulses do not overlap and this
can be achieved by setting o < x/2. The variance should not be chosen to small because in time space the Gaussian
peak is getting broader with smaller ¢ and the resetting would take too long. In time space the drive has the form

(1)
——exp | —=t“c” | cos(wpt). 208
27 P 2 (wp?) (208)
To modulate the time where the Gaussian has its maximum one can just substitute ¢t — t — tg where t; is the time
where the Gaussian pulse has its maximum.

The Hamiltonian of a cavity driven with a Gaussian pulse has the form

1 1 ) )
H= wcaTa—t—\/% exp (—2t202> cos(wpt+o)(a’+a) = wea'at 2\5% exp (—2t202> (el(“’DH%) + eﬂ(“’DH‘z’O)) (af+a).
(209)

At this point we can use the rotating wave approximation (see also Appendix 10.9 and neglect the counter rotating
terms.

H = wcaTa +

exp (—1t202> (e—i(wpt-i-(zﬁo)aT + ei(wpt-i-(bo)a) (210)

3
2V/2m 2

with the unitary operator U = exp (iwcaTat) we go to the frame rotating with the bare cavity frequency we. If we
use H = UHUT — UU' and the relations

eAalagerala — Ay (211)
e~rlagfrala — o=Agf (212)
(213)

we get the Hamiltonian
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S ( 122)('(( —wo)tH0) 4ty il(wp—we)t+do) < 122> i :
ex t e W\\wpmwe 0)ql 4 "\\WpTwo 0 a) = ex t e gt 4 ei0q) .
2\/27r P 2\/27T P ( )
(214)

The second equality holds in our case since we want to drive the cavity modes on resonance. The evolution of a state
by this Hamiltonian has the form

(1)) = exp (—z/ mexp( L, 2) (ei0al + i%0q) dt) 105(0)). (215)

This integral can not be solved exactly for finite integration boundaries. But since the Gaussian peak is only non
zero for some time range around its mean value we can expand the integral boundaries to infinity. Because in the
experiment we want the whole Gaussian pulse to be inbetween our starting and end point of the reset.

> 1 2
/ exp (—225202) dt = —721- (216)
oo o

Therefore
[t(t)) = exp (—i;g (e7"al + e%0a) dt) [1(0)) (217)
If we now compare this exponential with the displacement operator D(a) = exp(aa’ — a*a) we can see that
a= —i%eﬂ"bo > ¢ = 2iaoe'?, (218)

Here we have to keep in mind that « in this formula is the amount of displacement we want to achieve. Since we want
to reset the cavity from « back to zero we also gain a minus sign.

£ = —2iaoe? (219)

7.1 The state after the measurement

If we again start in an initial state |¢)) = %(Hll) +1]100)) ® |a). With our analytic solution for the effective decay
rate of the cavity we can predict the cavity state after the detection of a photon which is highly entangled with the
qubits. To disentangle the qubits from the cavity we reset the cavity state to zero after the measurement. According
to section 6 the state before the jump is

04\2 a\2

() = e 2 (17" |y) @ | Tl tdXy 4 g5 (-

d

d) ® [ae™ Ftetwe =), (220)

—kgt

again with the one dimensional analogy |u) = |111) and |d) = |100) to map the multi qubit states on the Bloch sphere
for better intuition. If a jump occurs at the time t; the decay of the cavity stops but it will still rotate with the
same frequency dependent on the qubit state and y. The phase factors that occur because of the application of the
annihilation operator a during the jump are not of interest for the reset stage. To reset a cavity state we only have
to know its amplitude «, its frequency w and its phase ¢ and not how likely it is to be in that state. So after tracing
out the qubit degrees of freedom we are left with a cavity state of the form

Weav) = culae™ Bt e Mwet30) 4 clae™ b emitlwo =), (221)

To reset such a superposition of cavity states we have to drive both states with their frequency. The drive then has
the form
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Hp = \/5217_ exp <—;(t - t1)20'2) cos((we +3x)t+ ¢1) + \/g% exp (—;(t — t2)20—2> cos((we — x)t+ ¢2) | (a+ aT) )

(222)
t1 and ty are the times where the Gaussian pulses have their maxima. The reset also works if it is for both cavity
states at the same time t; = to = to which we will do for simplicity. If we perform the rotating wave approximation
we are left with

1 exp (—1(t _ t0)20'2) (& <e—i(WD1t+¢1)aT + ei(wD1t+¢1)a) + & (e—i(wD2t+¢2)aT + ei(tzt"’@)a)) ) (223)
2V21 2

The complex phases are only dependent on the time when we start the reset stage. If we assume the reset stage starts
directly after the detection of a photon at time ¢; the phases are ¢1 = wp,t; and ¢ = wp,t;. If we would wait a
time t" after the detection to start the Gaussian pulse the phases were ¢1 = wp, (t; +t') and ¢2 = wp, (t; +t').

The amplitude of the drives £; o = 2i|a|e™"=4%/ are dependent on the effective decay rates k,, and 4 that correspond
to the qubit states |u) amd |d) . From section 3.1 we know that

4¢? A?
Foff = % (1 - 42> (224)

with Ay, = =3y and Agq = x. A very important fact here is that the cavity amplitude decays only until the time ¢;
and after that it stops. So we do not have to care about any further decay after the detection of a photon.

7.2 Simulation of the reset stage

In this section we simulate the whole measurement stage and the reset stage to find out if the cavity has been reset
properly, which is equivalently to a proper disentanglement of the qubit and the cavity state. To do so we start in the
state |¢) = %(Hll) +1100)) ® |«) and let it evolve as described in Section 6. As a experimentalist we would measure
a click on our photon detector at the jump time ¢;. After that time we change to the reset stage and reset our cavity
with a Gaussian pulse described in the last section. The accuracy of the reset to vacuum state is quantified by the
overlap of the cavity state at the end of the reset stage and the vacuum |{cenq|0)|?. In figure 20 we ploted the reset
accuracy against a broad range of values for g;/k; and x/k.

In the plots we can see that the predictions of the cavity amplitude are exact and therfore the reset works well in the
regime where the approxiamtion for keg holds, which is g5 < Kk and also x < k. The reset starts to fail if we leave
this regime. We obtain that for x; = 1000g; and xy — 0 we reach reset accuracies of almost 100%. Furthermore,
we can see that for growing x the reset accuracy decreases much faster, than for growing g;. This is because of the
expansion we did in Section 3.1, which is valid for A? < g% < k%, where in this case here x is proportional to the
detuning A.
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Figure 20: Overlap of re-
set state with the vacuum
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Besides the decay of the reset fidelity for x, g5 — k; we can observe something different in figure 20. We can see that
there is a lot of noise in the regime where the reset becomes worse. This noise has to do with the random distribution
of the time when a jump occurs.

If we go to higher values for g; where the kg approximation does not hold any more the overlap of |aenq) and the
vacuum |0) is getting smaller. But there are still some points where the reset was successful and we reach overlap
fidelities of more than 98 %. This can be the case if the jump happens immediately after the start of the measurement
stage because the effective decay ~ |a|? exp(—regt) can not diverge much from the full system numerical simulation
and the reset amplitude is still a good approximation. In figure 21 one can see that the reset fidelity still goes to 1 if
t;y — 0.

Reset fidelity dependence on jump time Figure 21: Overlap of re-
1.0 , , ! set state with the vacuum

state for fixed parameters.
gs/ky = 0.005, x/k; =
0.1. Here we can see why
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7.3 Results of the reset stage and what happens with the qubits during the reset?

The last section was about the reset of the cavity after the jump. To do this properly we have to know the amplitude
and the phase of the cavity. Furthermore we have to keep in mind that the initial cavity state entangles with the intra
parity qubit states because the cavity phase and also decay rate is qubit state dependent. In the regime g; < k; and
X < kj where the effective decay rate keg holds the reset fidelity is high which shows that the cavity part of equation
(220) is a good approximation.

The question now arises what happens to the qubits during the cavity reset. Unfortunately it cannot be answered that
easily. Since the drive part ~ (a + a') of the Hamiltonian, Eq. (210), does not commute with the dispersive part of
the Hamiltonian of the system ~ ya'a(c? + ---) the qubits will be affected through the reset stage and the changing
amplitude of the cavity. We could avoid the dephasing of the qubits during the reset if we can get rid of the dispersive
part of the Hamiltonian during this stage. In the next section we present a way how this can be done.

8 Evading back-action via Dynamical Decoupling

8.1 Dynamical Decoupling

A possible technique to suppress decoherence in our quantum system is the dynamical decoupling. We can take
advantage of a time dependent modulation of our Hamiltonian to decouple the dispersive term from the rest of the
Hamiltonian. (8]

If we have a piecewise constant Hamiltonian H (¢) that can be split into H(t) = Hy + Hy + - - - + H,, for time intervals
Ty =tk —tp—1 and tg > tp_1 > -+ > t1, we can write the unitary time evolution operator that evolves the system to
the time ¢, as

Ulte,to) = exp(—iHpm,) - - - exp(—iHi7), (225)
with

te= Y Th. (226)
k=1

A product of unitary operations is again unitary. Therefore we can express the sequence of transformation by a single
transformation with the average Hamiltonian H.

U(t87 tO) = exp(—iﬁ(te - tO)) (227)

This average Hamiltonian is then only applicable for a fixed time interval [to, te].ilf the time dependent modulation of
the Hamiltonian is periodic and ¢, corresponds to the period of the modulation, H can also describe the time evolution
over an extended period by the relation

U(nt,) = Ulte)™ = exp(—iHnt,), (228)

where we set tg = 0 for simplicity. Now we would like to find such an average Hamiltonian for our system of
dispersively coupled qubits to a cavity. For simplicity we investigate the single qubit case. The dispersive Hamiltonian
in the rotating frame of the bare qubit frequency reads then

H =wca'a + xyoala. (229)

Since we know that the dispersive part of this Hamiltonian leads to the entanglement of the parity states with the
cavity and to a parity state dependent decay rate, we would like to decouple this term of the Hamiltonian. In section
5.4 we have seen that the dispersive term in the Hamiltonian yo?a'a leads to a qubit state dependent rotation of
the cavity. If we flip all the qubits, the cavity rotates in the opposite direction. If we imgaine the system also in the
rotating frame of the bare cavity ferquency we an intuitive picture is the following. If we let the system evolve for a
time ¢t and than flip the qubits and let it evolve again the same amount of time ¢ we get back to the initial state of
the cavity because the cavity rotation changes with the qubit flip.

If we assume the qubit flip to be instantaneous the unitary evolution operators of half a period are
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Uy = exp(—i(wea'a + xo*ala)ty) (230)

Uy =0" (231)

Us = exp(—i(wea'a + xo*a'a)ts). (232)

If we rewrite exp(—io*wt) = cos(wt)l — isin(wt)o®, use the anti-commutation relation {o%,0%} = 0, 0%c%0* = —c”
and set t; = t3 = t we find that

UsUsUy = 0% exp(2twea’a). (233)

So we see that the cavity only rotates with its bare frequency. This is only half a period because the qubit is still
flipped which is something we do not want in an experiment. So if we apply such an evolution twice we get

Us--- U = exp(4twea'a) (234)

and our average Hamiltonian is H = wca'a which is the bare cavity Hamiltonian which rotates with the bare cavity
frequency we. So if we now use this average Hamiltonian in the dissipative dynamics where we will have photon decay
we would theoretically not have to control the phase we get at such a jump. Furthermore we would also not have
intra parity subspace decoherence because that also comes from the different dispersive shifts of the parity states and
their influence on the decay rate (see section 6). There are some things we have to be careful with. In the model from
above we did not include the cavity decay and therefore we have no limitation on the duration of one period. But if
a photon can decay at any time we have to choose the period small enough so that the probability increases that we
have a jump as close as possible to the end of a single time step. This requirement is a consequence of the splitting of
the Hamiltonian in constant pieces at the beginning of this section. The approximation only holds for this piecewise
evolution and breaks down if we interrupt during a time interval of a single unitary evolution U,, = exp(—iH,,7,). The
time scale of a period is therefore of the order ¢t < 1/k.

This was for instantanous qubit flips. If we now would like to perform a qubit rotation in a finite time we could
do that with the unitary transformation

cos(wt)  —isin(wt)

9 Ty —
exp(—iwta™) —isin(wt)  cos(wt)

(235)

For wt = 7/2 this corresponds to the o operator with a global phase. If we now perform the flip in finite time we
also have to include the time evolution during the flip an Us changes to
Uy = exp(—i(wea’a 4+ xo?ala + wo®)ty). (236)

For our purpose we restrict ourself to instantaneous qubit flips.

8.2 Imperfect detection

Until now we assumed that our detector was perfect. So every photon that decayed also was detected. If we now
introduce the detection efficiency 7 the master equation from section 1.4 equation (22) changes [7] to

p= —i[H,p) +nrsD[2)(0]) + (1 - m)rsDI2)(0]]. (237)

For n = 1 the density matrix again has the form,

p= Z Prec|Yrec) (YrEC| (238)

REC
and can be unraveled into its trajectories, because the measurement records are known. If the detection efficiency is
smaller than 1 we can only unravel the part of the master equation according to n. For the (1 — ) term we do not
have a record and therefore the solution p according to jumps that have not been detected is simply the solution of
the master equation itself or the average over infinitely many trajectories. For this purpose we denote the solution of

48



Master Project: Multi-Qubit Parity Measurement Patrick Hiimbeli

the master equation with missed detection p,,. Av stands for the average over all outcomes. And the solution for a
detection event is called p. for a conditional outcome dependent on the measurement.

The crucial point of our system is that after the decay of a photon the JPM stops any further decay and therefore we
only have to know if we detected a photon or not and according to that solve either the quantum trajectory or the
master equation. And the resulting density matrix is

p=mnpc+ (1 —=1n)pav. (239)

To know how good the approximation of our calculated state is, we measure the fidelity of the numerically evaluated
p with the analytically derived conditional state p2". The definition of the fidelity for general density matrices p and
o by Nielsen and Chuang [5] is

F(p,0)=Tr [ \/ﬁa\/ﬁ} . (240)
If one state is pure e.g. p = |¢)(¢| the fidelity simplifies to

F(p,0) = V/{¢lold), (241)

which is the case in our example. The conditional analytic state is p2™ = |12")()3"|. So the fidelity of the full system
numerical state with imperfect detection with the analytical solution is

F(p2,p) = /(& [(npe + (1 — 1) pay ) [02"). (242)

If we square the fidelity we can split it into a conditional part and an average part

F2(pe™, p) = (D& mpelhe™) + W [(1 = m)pav)[02") = 1 F2(02% pe) + (1= 1) F* (02", pav)- (243)

The question now arises at what time do we measure the fidelity? We do not have to measure it at all times because
in an experiment we will wait a certain time until we measure a click on our detector or in the imperfect detection
scenario we wait long enough so it is very probable that we have missed a click. So we decided to go to a time scale
that is of the order ¢y = 1/kepr and multiples of it. From equation (133) in section 3.7 we know that the probability
p(t) that the JPM relaxed to the continuum state at the time tp; = 1/keg is p(1/keg) = 1 — exp(Ja|?). Therefore
already after tj; the photon must have decayed with 99.9% for o = 3.

The conditional part of the fidelity will be measured directly after the detection of the photon and F?(p2*, p.) reaches
fidelity values of more than 99.5% because if a jump has been detected the state is well known and has the form of
equation (203) which we discussed in section 6.2.

On the contrary, if we do not detect a photon, we do not know anything about the state and the qubit phase. In this
case we measure the fidelity of the analytic solution of the conditional state before the jump p2", equation (198), with
the numerical master equation solution which corresponds to a failed detection. In figure 22 we plot the complete
fidelity F2(p2", p) dependent on the detection efficiency 7. Here we can see that the fidelity goes to almost 100 % if the
efficiency n — 1. In this regime we are back in the quantum trajectory picture which we can predict exactly. For n — 0
the fidelity decreases and for longer measurement time t); the fidelity gets even smaller. Since the conditional part
F2(p2™, p.) ~ 1 the function (243) simplifies to n +(1— 77)F2(pC , Pav)- The average part of the fidelity F?(p2", pay) has
been simulated for different measurement times ¢, = Keff, Heff, ot . We can see that for decreasing detector efficiency
the overlap of our analytic solution with the numerical state is getting very small so we will not be able to predict our
qubit state any more.
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In a next step we use the technique of dynamical decoupling to test if the fidelity can be increased even if the detection
fails. We have shown that the decoupling leads to an averaged Hamiltonian H = wca'a and therefore we measure the
fidelity of the numerical state p with the conditional analytic state

527) = () + |0) @ fae F e, (240
with the effective decay rate without detuning keg = 4g3 /ky. This state holds in both cases. If we do not detect a
click and even if we do. The phase kick and also the real decoherence were both caused by the dispersive Hamiltonian
part >, xo7 a’a and are therefore not any longer present.
In figure 23 we see that the fidelity can be increased for imperfect detection with the dynamical decoupling but it is
still limited and not satisfying. The fidelity for the failed detection numerics p,, with the analytical state is still not
good where on contrary the fidelity of the numerical and the analytical conditional state is still F2(p2", p.) ~ 1.
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By increasing the qubit flip frequency one could also improve the fidelity for detector efficiencies n — 0. But at
this point we also have to evaluate what does a null measurement mean for a potential experiment. And is it even
reasonable to increase the fidelity for such measurements where we miss a decaying photon. This question will be
subject of the next section.

8.3 What does imperfect detection mean for the experiment

Until now we reduced our system to an odd parity state that is coupled to a cavity with an amplitude a. If we detect
a click we know the qubit parity state and we showed that we also know the back-action of the measurement on the
parity subspaces. The measurement then has been successful and with dynamical decoupling we did not change the
parity subspace itself. For perfect detectors we only have to wait long enough so that the probability to detect a
photon is high enough, if we are in odd parity space. If we now include imperfect detection we can misinterpret the
outcome in different ways. Not detecting a photon can mean the following:

e The qubit system is in an odd parity state but we did not wait long enough that a photon can decay. (This can
also happen in perfect detection).

e We missed the decaying photon and will not detect any other because of the cut-off behaviour of the JPM.

e The system is in even parity and it is indeed not possible to detect photons because the cavity is in the vacuum
state.

As an experimenter one would define a measurement time ¢,; which is long enough that it is most likely that a photon
would have decayed if the cavity is not in the vacuum state. Therefore after this measurement time ¢;; one would
interpret the former outcomes all equally, namely that the system is in even parity. The problem hereby is that one
is not able to distinguish a failed measurement from a measurement of even parity. We will refer to this behaviour as
the asymmetry of the detector which means that the detection procedure we used until now is perfectly successful if
the qubit system is in an odd parity state and the click has been detected and it leaves us with different options if we
do not detect a click which can lead to wrong interpretations of the measurement outcome.

In this section we propose a technique to avoid this asymmetry of the detection and to distinguish between a successful
parity measurement and a failed measurement that can be ignored and repeated. Assume we have an initial state

Pelyp) ©10) + Pol)) @ |a), (245)
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with the even and odd parity projection operators P, and P,. The state describes an arbitrary qubit state |¢)) whose
even parity subspace is entangled with a cavity in the vacuum state and whose odd parity state is entangled with a
cavity with amplitude «. If we apply the measurement procedure from above and wait a time t; we can only be
sure to be in the odd parity state if we detect a click and if not we can misinterpret the result. If we divide the
measurement time ¢y, in smaller intervals ¢5s, and apply after every interval the displacement operator D(Fa) on the
cavity we change between the states

Pelih) ©10) + Pol)) ® |a(t)) (246)

and

Pe|yp) ® | — a(t)) + Polt)) ® |0). (247)

We changed a@ — a(t) to remember that the cavity still decays and to keep track of this. If we now measure the cavity
and detect a click we know that the qubits are either in an odd parity state for every even time step ¢,z,, or in an even
parity state for every odd time step taz,,,,. And if we do not detect a click we have to ignore the measurement and
repeat it. If we simultaneously use the technique of dynamical decoupling we can get rid of the complex phase and
the real decoherence from section 6 during the measurement. Furthermore we do not have to take care of the different
cavity frequencies that occur because of the dispersive shifts. We only have to displace the cavity at its frequency wc.
The displacement D(F«(t)) therefore can be done very fast in time space because we can choose the Gaussian pulse
to be as broad as we want in frequency space.

8.4 Results

In this section we show the results of a complete measurement of a qubit parity state. If we start in a state |parity) ®
|cavity), where we do not know the parity state nor the cavity state we can apply the procedure from the last section
where we periodically displace the cavity to evaluate in which parity state we have been. After the drive stage we
know that odd parity states are entangled with a bright cavity with amplitude «, |odd) ® |a), and even parity states
are entangled with the vacuum state of the cavity |even) ® |0).

In the simulation we flip the qubits at fixed time steps taip = tas/1000, where the measurement time is set to
tar = 1/Kesr. In the simulation we choose k/gy = 1000. In this regime the effective decay rate is accurate and as we
have shown in section 7 the estimated cavity amplitude «(t) is precise. In figure 24 we illustrate the cavity behaviour
during the measurement. When we entangle the cavity state |a) with the qubit state |111) the cavity rotates in positive
direction with a frequency 3x. If the initial cavity amplitude is set to a positive real value qjp;t it starts at position
A and rotates in positive direction until the qubits are flipped in position B at time tgjp. At this point the cavity
rotates back to position A which it reaches at time 2¢q;,. After 3tq;, it reaches position C where the qubits are flipped
again and the cavity will rotate back to A and the whole procedure repeats. The phase that the cavity gains between
two flips will be & xtaip, and for slow cavity rotations (x < 1) the cavity states at position B and C will not be far
separated from the initial position A. Therefore x and our choice of ¢g;, will be the only parameters that influence the
success of the dynamical decoupling. If xy > 1 the cavity will rotate fast and therefore the state can gain more phase
between two flips than a slow rotating cavity at the same flip rate. If now a jump happens if the state gained much
phase the average Hamiltonian will not hold anymore. For this reason the fidelity of the actual state will diverge from
the initial state. In the regime g; < k; we know that the cavity amplitude at position A is nit €xp(—kKesrt). Whereat
the cavity comes back to position A at even multiples of the flip time 2ntq;, with n € N. Because of that it will be nec-
essary to displace the cavity only if the cavity is in position A otherwise we would have to keep track of the cavity phase.

Compared to the qubit flip rate 1/¢g;p the frequency of the cavity displacement does not have to be high. A reasonable
value is to displace the cavity 4 to 20 times per measurement time ¢y;. Which is built on the fact that the photon most
likely decays during t € [0, 1/keq] and therefore we have to check for both parity states during this period several
times.
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Figure 24: Cavity phase evolution when qubits

Im are flipped. This figure illustrates the cavity be-
A haviour in the rotating frame of the bare cavity fre-
B quency wce. If the initial cavity amplitude is real,
the cavity amplitude starts at position A. Due to the

dispersive term in the Hamiltonian the cavity state

a t \ associated e.g. to the qubit state |111) will rotate
A in positive direction until the qubits are flipped in

position B. After the qubit flip the cavity will ro-

< }Re tate in negative direction. If it is back at position A
the qubits are not flipped again and it will still ro-

Aj tate in negative direction until the qubits are flipped

at position C. The cavity will rotate back to A and

the whole procedure will be repeated. For an initial
C qubit state e.g. |100) the sequence will be reverse be-

cause this state is associated with a negative cavity
v frequency. It starts at A, goes to C, back to A, to B
and then to A again.

If we repeat the measurement after a null-measurement (no click detected) our simulation shows that we can distinguish
between odd and even parity state with very high accuracy. If we detect a click while the cavity is not displaced we
know the qubit is in odd parity. If the cavity is displaced we know the qubit is in even parity. The success of this
measurement depends on the accuracy of the displacement and this depends on our knowledge of the cavity amplitude

a(t).

On the other side we can see in Figure 25 that the fidelity of the state after the measurement with the initial

state F(|¥meas), |Yinit)) decreases if we go to higher x respectively if the cavity gains more phase per flip time tg;p.
For the simulation we are following the steps:

1) initialize state 1/4/2(]111) 4 [100)) ® |a)
2) Split the measurement time in 1000 sub time steps tai, = 1/(1000Kes).

3) Flip the qubits after every odd of these sub time steps which corresponds to a qubit flip at the positions B
and C. Therefore the flip will be applied at times k - tg;p with & € {1,3,---}

4) Displace the cavity every 120th sub time step tp = 120 - tg;p with D(Fa(t)). With a(t) = aexp(—£est/2).
The sign of the displacement will alternate from minus to plus, starting with minus. This corresponds to a cavity
displacement of 8 times during the measurement time ¢,;. tp has to be chosen such that the displacement will
happen at position A, therefore it has to be chosen to be an even multiple of g,

5) If a jump is detected at time t; we let the system evolve until the cavity amplitude reaches position A and
reset the cavity with D(—a(ty)). If the jump happens at even multiples & € {0,2,---} of ta;, we know the
cavity is rotating from B or C to A and we only have to wait until the last time interval of the time sub step
[ktgip, (k + 1)taip] is finished. If it happens at odd multiples of tg;, we know the cavity is moving from A to B
or C and we have to wait one more sub time step tg;, that it can come back to position A until we reset.

6) If we do not detect a photon after t3;y = 1/k.g we reset the system and repeat the whole measurement.

7.a) If there would be a photon decay while the cavity is displaced we would know that the simulation procedure
failed. Because we know in the simulation that we have an initial odd state. This error did not happen during
the simulations because we chose x/g; = 1000 and therefore the cavity displacement is very accurate. (Even
numbers of displacements — odd parity, odd numbers of displacements — even parity)

7.b) If we would have an arbitrary initial state and detect a photon while the cavity is displaced we know that
the parity state was even. If we detect a photon while the cavity is not displaced we know the parity state was
odd. To keep track of this one only has to know how many times the cavity has been displaced.
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e 8) After the detection of a photon we reset the cavity at position A with the amplitude aeng = aexp(—rKesrts)
to fully disentangle the qubits from the cavity.

In a real measurement we would not know the initial state from the first point and we would therefore leave out 1).
Furthermore we do have to choose g;/k; such that an error like in 7a) is highly unlikely to happen. Which means it
should not happen that the displacement of the cavity leads to an even parity state that is entangled with a non zero
cavity while the cavity state that corresponds to an even qubit parity state should be zero. So if we start in an even
parity state

|1} = |even) ® |0) (248)
and displace it after tp with D(—a(tp) + dap) with some inaccuracy da; and do the 2nd displacement after 2 - tp
with D(4a(2tp) 4+ das) we will end up in the state

|1) = |even) ® |dae — dary). (249)

Therefore we entangled the even parity state with a cavity with a non-zero amplitude while it should actually be zero.
If now a photon decays from this cavity state we would assume that the parity state is odd because we displaced the
cavity an even number of times (7b). To avoid this we have to go to the regime g; < k; where the cavity displacement
is accurate. In section 7 we showed that we can reach very high cavity displacement accuracy in this regime.

Qubit state fidelity F(|¢,. ), [¢.)) Cavity state

Cavity phase without flip £ X - tip << 2m
0 40 80 . 120 160 ] >
1.0 ‘ ('meas
0.8 >
| Qinit)
__,? 0.6
[J)
ctai, 2T
2 04} X - Ulip
| | | l@meas>
02p N\ S T .
0 i } i
0 0.04 0.08 0.12 0.16
X taip >

Cavity phase per flip —
— average fidelity with flip ‘ainit>
- - fidelity of a single trajectory
— average fidelity without flip

Figure 25: Fidelity of the qubit state before and after the measurement. The ratio k;/g; = 1000 was fixed,
o = 3.0 and tgip is set to ty = m. Therefore for increasing x the cavity gains more phase between the qubit
flips and the fidelity decreases because the probability that a jump happens if the cavity is far rotated from the initial
direction A increases. The black dashed line is the outcome of a single measurement at different y. Here we can see
the influence of the random photon jumps. If the photon decays if the cavity is exactly at its initial position A we still
reach fidelity values F — 1. The blue line represents the average over 8000 single measurements. The red line is the
fidelity if we do not flip the qubits and therefore the phase that the cavity can gain until the photon decays is simply
xtar- On the right one can see the cavity states that correspond to a high respectively to a low fidelity value.
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Figure 25 shows the numerical values of the fidelity of the bare qubit state after the simulation. In this figure we
only took data from successful measurements where a photon decayed during the measurement time tp; = 1/Keg.
Because in an experiment we would have to repeat after a null-measurement. The detector furthermore is perfect
which means that if a photon was released we detected it. In the simulation we focused on an initial odd parity state
that is entangled with a bright cavity and displace the cavity 8 times during ¢ys. Therefore if the cavity is displaced
we do not measure a photon. The only thing one has to be careful with in this matter is that the displacement has
to happen if the cavity amplitude is at position A because in a realistic simulation we do not keep track of the cavity
phase during the measurement. The cavity will gain some phase ¢ which is at the positions B and C of the order
+xtaip and at position A it will be zero. The state before the jump therefore has the form
) = o) @ Javexp(= =5 0)e7 V) + [az) @ [arexp(~ 5 )e>V) + - (250)

with a qubit state dependent phase ¢;(t) € [—i,c, i p] and arbitrary odd parity qubit substates |q;). If now a photon
decays at a random time t;. The cavity phases will appear as prefactors of the qubit subspaces

[9) = e#1®)a1) @ faexp(~"2E0)e? ) 4+ 220 jgp) @ [ exp(~ L e)e V) 4+ (251)
After the photon decay the cavity still rotates at the frequency ;(¢) but the prefactor is fixed at ;(t;). Therefore
we wait until the cavity is back in position A and then reset the cavity to zero. In figure 25 one can see that we reach
fidelity values of almost 100 % if x¢qa;, < 1. Because in this regime the cavity cannot gain much phase between the
qubit flips and therefore the prefactor e®i(*/) ~ 1 and there is no dephasing. The dashed line in figure 25 represents the
fidelity values of single measurements at different dispersive shifts x and one can see its random character. If a jump
happens if the cavity is almost at position A we can reach high fidelity values even for fast cavity rotations. Therefore
we averaged this fidelity values over 8000 single measurements and see that on average we will have better fidelity
values if we are in the regime xtgip < 1, where the cavity does not gain much phase between the jumps. Imperfect
detection with 7 < 1 does not change our measurement protocol. In step 5 from above we include both cases of how
we cannot detect a photon. The measurement time ¢;; could be too short and there is a non-zero probability, that
no photon can release the cavity after tj; even if it is bright. Or a photon actually leaked out of the cavity but the
detector missed it. In an experiment we cannot distinguish this two cases. But as a consequence we would have to
repeat the measurement. So the only effect an imperfect detector will have on our measurement will be that we have
to repeat it more often due to a null-measurement. The probability of such a failed detection is simply 1 — 7. And
the success of the measurement will be decreased by the factor 7.
The red line is the fidelity of a simulation where we do not flip the qubits averaged over 4000 trajectories. In this case
the cavity can gain a maximum phase of xtj; during the measurement and we can see that the fidelity is decreasing
much faster compared to the flipped case. Already for small values for x the cavity can gain phases of more than 27
during the measurement and therefore the photon jump can happen at almost any phase between 0 and 27.

8.5 Interpretation of the numerical results with realistic parameters

Finally we would like to discuss our results for realistic physical values for our parameter. As already proposed by
Govia et al. [1] it is desired to have dispersive shifts x of the order ~ 10MHz because at this regime we will have drive
times of the order 100ns. If the dispersive shift is smaller the drive time will become longer.

If the cavity-JPM coupling strength g is of the order 10MHz a desirable decay rate x; would be of the order 10GHz.
Which means that the JPM has to be driven in a way that the excited state almost directly tunnels through the
potential well to the continuum. The condition «;/¢g; = 1000 is not directly necessary for high fidelity values, but
it will be necessary to displace the cavity with high accuracy. And this on the other hand is necessary to avoid the
asymmetry of the detection which favoured measurement outcomes with a click (odd qubit parity states), compared
to measurement outcomes without a click (even qubit parity states).

Therefore for a fixed measurement time ¢y = 1/keg and 1000 flips per tp; we get the following fidelities:
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gs [MHz] | x [MHz] | x; [GHz] | taip [ns] | phase per flip | Fidelity [%]
a 10 10 10 25 0.04 95.5
b 20 10 20 12.5 0.02 98.8
¢ 10 20 10 25 0.08 83.5
d 20 20 10 12.5 0.04 95.5
e 10 5 10 25 0.02 98.8
f 20 5 10 12.5 0.01 99.1
g 10 10 1 2.5 0.004 99.8
h 20 10 2 1.25 0.002 99.9

The values for £, in line g and h (red colour) lead to a x;/gs ratio of 100 and therefore the displacement accuracy
is smaller which will be disadvantageous if we want to avoid the detection asymmetry, where we periodically displace
the cavity. And since the flip rate is fixed at 1/(1000keg) the flip times reach values that are too small to be
experimentally realized. But in these examples we can see that if x - tg;, < 27 we can reach fidelity values of more
than 99%. Concerning this matter and if we compare e.g. line b, d and f we can see that it will be preferable to keep x
as small as possible because we want to gain as little phase as possible between two qubit flips. But this on the other
hand prolongs the drive stage as mentioned before. In conclusion we can say that it is possible to reach fidelity values
of more than 98% with realistic parameters if it is possible to engineer qubit flip times of around 10ns and without a
dispersive shift y that is too small. If it will somehow be possible to reach qubit flip times of the order 1ns fidelity
values of more than 99.5% are within reach.

9 Discussion and Conclusion

In this section the main results of this project will be summarized and discussed.

9.1 Summary of the results

In this thesis we investigated an ancilla free qubit parity measurement proposed by Govia et al. [2], which is supposed
to be a quantum non-demolition measurement (QND). To do so it was proposed to entangle odd qubit parity states
with a displaced cavity of the amplitude o and the even parity states with a cavity in the vacuum state. Therefore
the parity information can be read out by measuring a single photon that leaves the cavity. The measurement of such
a photon is realized by coupling a current biased Josephson junction (CBJJ), which we also refer to as the Josephosn
photon multiplier (JPM), to the cavity. In our model we describe the CBJJ as a 3-level system with the ground
state |1), the excited state |2) and the continuum state |0). If the cavity contains photons they can excite the CBJJ
from its ground state to the excited state, where it can tunnel to the continuum, which will result in a measurable
voltage pulse across the CBJJ. The initial observation in this thesis was a decay of the qubit coherence during the
parity measurement that was proposed by Govia et al. [2], which is a consequence of the insufficiency of a QND
measurement in quantum error correction. Therefore we demand the parity measurement to be stronger than just
quantum-non-demolition, for a successful QEC. It has to be eigenstate preserving QND. [6] As a first step we could
show how the parity measurement corrupts the initial state. For this we found an effective decay rate that describes
the cavity-JPM dynamics in a similar way as the vacuum Purcell effect. For a fast detector, where the tunnelling rate
kg of the excited state to the continuum state of the CBJJ is much bigger than the Jaynes-Cummings coupling g
of the cavity to the ground state and the excited state of the CBJJ, the occupation of the continuum state |0) of the
CBJJ can approximated with

poo(t) =1 —exp (—Kgfl?M ) , (252)
with the effective decay rate of the CBJJ
A2 a2 A2
KIPM = 290 (1 - 42> . (253)
Ry R

Where A is the detuning of the cavity and the CBJJ caused by the dispersive shift y of the qubit. We also have been
able to show that this approximation holds very well for a > 1. In this regime we have a good agreement of the full
system numerics with the analytical solution of pgg.
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As a consequence of this we also have been able to approximate the effective decay rate of the cavity

1
Ret = gk (254)

Due to the fact that we will measure single photons to determine the parity of the qubit state we changed to the
quantum trajectory picture to get a better understanding of the back-action of a single measurement on the states.
Furthermore we could take the behaviour of the CBJJ into account which cuts off the decay after the loss of one
photon, when we approximate the cavity-CBJJ interaction with a leaking cavity with the effective decay rate sigy .
This can be achieved by calculating or simulating a lossy cavity in the quantum trajectory picture only until it loses
one photon. In the regime k; > g; we could show that the cavity amplitude can be approximated very well by
aexp(f%t).
Furthermore we could show that the cavity gains a qubit state dependent phase which comes from the dispersive term
of the Hamiltonian Hgisp = (X105 + X205+ - - )Ja'a. And this phase appears as a qubit prefactor when a photon decays
which is the reason for the qubit decoherence. Additionally this prefactor is completely random since it contains the
photon jump time t;. The photon decay therefore leads to a random phase factor between the intra parity qubit
states.
The dispersive term of the Hamiltonian also leads to a qubit state dependent detuning A between the cavity and
the JPM. And since the effective decay rate sty is dependent on the detuning we also obtain decoherence between
the qubit states of the same parity state that is caused by the renormalization of the cavity. In the picture of the
new logical Bloch sphere we called it decoherence in the logical z-direction. This effect is caused by the evolution
before the photon jump, because through the detuning dependent effective decay rate, the cavity states are damped
differently and therefore differently renormalized. The qubit states before and after the photon jump for the initial
state [9(0)) = J5( 111) +] 100)) ® |a) are

u d

[

(e—%(l—e*”"t)m ® \ae—%te—iwu) + 6_@(1_6—%5@ ® |ae—%dte—it¢d>)

Pt <ty)) = 255
| ( )> \/e|0‘|2(1*67"“t) + elal2(1—e~rat) ( )
and
[p(t > ty)) =Ny (a\/ae—(“;ﬂm)t,]e—‘f(l_eNutJ)|u> ® |ae_%utJe_”¢">
(256)
—&—a\/@e—(%“ﬂwd)t]e—@(l—ewau)‘d> ® |ae—’“;‘tJe—it¢d>)
With the jump time ¢;, the phases ¢, = +3iY, ¢g = —ix and the normalization
1
Ny (257)

\/|Oc|2/fue_"“ut1e|a‘2(1—6_m“t‘]) + |2k e ratselal?(1—emraty)

These calculation also can be applied for arbitrary other initial states and we also could show that they predict the
time evolution of our state very accurate. Importantly we do not have to have any knowledge about the initial state to
calculate the phases that the substates gain. We only have to know the jump time ¢, when a photon decays from the
cavity and the parity measurement outcome. In a last step we proposed a way to avoid these corruptions of our initial
state by applying the technique of dynamical decoupling, where we periodically flip the qubits. This leads to a new
averaged Hamiltonian which does not contain the dispersive part any more. Simulations showed that this technique is
very promising if we choose the qubit flipping fast enough compared to the inverse of the dispersive shift tg;, < 1/x
so the cavity cannot gain much phase between the flips. With this technique we reach qubit fidelity values of more
than 98%. If we also take into account the imperfections of our detector we have to be aware of the asymmetry of the
detection scheme of Govia et al. [2] If we detect a click everything is fine and we know that we measured odd parity.
If we do not detect a click there are several options how the outcome can be interpreted. Therefore we propose to
displace the cavity several times during the whole measurement time t;; and alternately entangle the bright cavity
with the odd and the even qubit parity states. If we do this in the regime g; < ks the displacement is highly accurate
and we can avoid the asymmetry of the detection since we know that initially the odd parity states are entangled with
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a bright cavity (where a photon can decay) and the even parity states are entangled with an empty cavity, where no
detection is possible.

9.2 Conclusion

In conclusion we have found an extension of the measurement that was proposed by Govia et al. [2] with which we
can avoid several problems that can occur during a measurement. If we dynamically decouple the dispersive term
of the Hamiltonian during the measurement we can avoid qubit decoherence and reach qubit state fidelities of more
than 98%. And even if we have imperfect detection and miss photons during the measurement we can distinguish
between a failed and a successful measurement. The former has to be repeated and since the probability of a failed
measurement is directly dependent on the detector efficiency 7 it will be necessary to have high detector efficiencies
for a fast measurement. Furthermore we showed that we can reach high fidelity values if we are able to design the
setup such that we can flip the qubits at a rate of the order 10ns.

10 Appendix

10.1 Derivation of the drive stage

For the derivation of the cavity occupation we start with the reduced cavity Hamiltonian coupled to two qubits:

H =&ca'a+ A(t)(a + a') (258)

with O = we + X, where X is the qubit parity dependent dispersive shift. xo = 0 for odd parity, xo = +2x¢ for
even parity. The drive has the form A(t) = ag cos(wpt + ¢). Therefore we get the Hamiltonian:

H = (we +Xq)a'a+ % (eii(‘”DH‘z’) + e“(“’DH‘m) (a' +a) (259)
= (wo + Xq)a'a + %e‘i‘b et (af +a) + %e“‘b et rt (gt + q) (260)
N—— S——
¢ —¢-

Here we use the rotating wave approximation (RWA) [3]. For this we set our system to a rotating frame with the
unitary transformation U(t) = exp(iwca'at). Assuming now, that |we + wp| > |we — wp|. This assumption is
reasonable, because the drive is just slightly detuned from the cavity frequency by the amount of x¢g. Doing this
transformation with the relations:

e Maer = eta (261)
e Mater = e7Aql (262)
H=U'HU —iUU*! (263)
and 7 = a'a, we get:
-H — )ZQaTa + f*aeit(wD+wc) + é—aTe—it(wD-i-wc) + é—*aTe—it(wD—wc) + gae—it(wD—wc) (264)

To justify the dropping of the counter-rotating terms we consider the corresponding evolution operator [3]:

t
Uevot(t) = exp (—2/ dTH(T)) (265)
0
Performing the time integral one sees that the counter rotating terms are proportional to 1/|we + wp| and the non-

counter rotating terms are proportional to 1/|wc — wpl|. Due to the approximation |we + wp| > |we — wp| we can
neglect the counter rotating terms in the Hamiltonian. Therefore:
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H = (wc + Xg)a'a + Eae™™P + ¢*ale™p (266)

If we now look at the time evolution of the operator a with the Heisenberg equation of motion,

% = —ifa, H| = —i{(wc +Xo)[a,ala] + & e Pt a,al] + getivr?t [a,a]} (267)

use commutator relations and we get:

= —i((we + XQ)a+ e ) (268)

Now we can integrate the differential equation:

t
a(t) = a(0) — z/ dT§(T)e_i(“’D_“c_’zQ)Te_i(“c+>zQ)t (269)
0

Since the coherent state |«(t)) is an eigenstate of a(t) with eigenvalue «(t) we can look at the evolution of «(t) instead
of the operator a(t). By assuming that the resonator was initially in vacuum state «(0) = 0. The state at the time t
is given by |a(t)) with the amplitude.

t
at) = —z</ dfﬁ*(r)ei(“’D“CXQ)T)ei(wC+’~<Q)t (270)
0

Now assume &(¢) varies slowly compared to the detuning. |wgs —we| > £(t)/£(t) so we can take £(t) out of the integral
and evaluate it.

_ e ilwetxo)lt

alt — (eiwpwe—X@)t _q 271
( ) Wp —WwWe — XQ ( ) ( )
if we calculate the absolute value squared, we get:
* |2
|a(t)|2; |§ | ‘e—i(wD—wc—)ZQ)t -1 2 (272)

~lwp —we — Xol?
If we drive the cavity on resonance wp = we we can look at the even and the odd case separately in the following way.
0Odd case (xg = 0): The exponent is very small and we can expand it and leave higher order away.

2
oot = ——=

2
 |wp —we — Xol? |

(273)

|1—i(wD—wc—>2Q)t—|—--~—1

l€12=(a0/2)*

2 2
- ED/EC/XEPMhF =P = = (%t) (274)

In the even case (Yo = £2x¢):

, i 2oty 1
[emilop e =Ra)t 1 = 4sin? (L) = 4-(1 — cos(2xq1)) (275)

This holds weather Yo = +2x¢ or Xo = —2x0-
Plug this into «a(t), set again wp = we and |€|? = (ag/2)2.

g (1)

2 an \ 2
= ||2il|24;(1 — cos(2XQt)) = <2XOQ) %(1 — COS(QXQI?)) (276)
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10.2 Rotating Frame

Putting a system to a rotating frame is sometimes useful to simplify the Hamiltonian and investigate for example
the time evolution just caused by some specific terms of the Hamiltonian. In the specific case of section 2.1 we are
interested in the time evolution caused by the dispersive shift of the cavity x,0Za’a. The full Hamiltonian reads,

N
wq, +
H =wecala + Z(XQnaTa + M)ai (277)
n=1 2
N

Defining a unitairy transformation U(t) = exp(i Y~ “@adXan 521y — oxp(i N %O’flt) the Hamiltonian trans-

forms,

n=1

H=UHU'—iUvU" (278)

evaluating first the second right hand term,

N ! N / N
—iUUT = —iexp <2 3 “’;agt> (2 3 “’2"0;3> exp (2 3 “’;agt> (279)

n=1

because [O"-Z a"?] = 0V, j the exponentials chancel and,

R
N W N W
st = 5 | s “noz | n oz
U z< an:l 5 an) <n§:1 5 O’n> (280)

Evaluating the first second hand term of H we can use the same arguments. [ana7 0]2?] =0 and [af, Uj] = 0V4, j leads
to,

UHU' = H (281)
Plugging this together leads to,

2

N

H=UHU'—iUU' = H — (Z “’%g) (282)
n=1

Therefore this transformation chancels simply the bare qubit term of the Hamiltonian. To get rid of the bare cavity

term wca'a one can repeat the same calculation with U(t) = exp(iwca’at).

One has to keep in mind, that the state vectors |¢) also transform under the unitairy transformation [¢) = Ut|y).

This will also lead to some dynamics in the parity subspaces which are not the focus of this work. We are interested

in the dephasing caused by the measurement which is mainly the qubit-cavity interaction. The dephasing caused for

example by the unitary transformation U(t) = exp(i Z,ﬁ[:l %az t) would also occur in the bare qubit system and does
not change if one couples it to a cavity.

10.3 Derivation of the cavity occupation

Evtl. noch dazu nehmen also expect(a.dag a)

(aTa) = tr [pcavafa] (283)
Using the relation from equation 52, with A = 0 leads to,

9 ic[pmv] (284)

[peavatal B
¢ OA* O

n

)\afef)\*a] = tr I:pcava-‘—a] —

=tr [pawaTae
A=0

A=0

With peqn = trgp [p] is the cavity density matrix with the qubits traced out. With o; € {1, 1} The density matrix of
the full system in the qubit basis has the form:

60



Master Project: Multi-Qubit Parity Measurement

Patrick Humbeli

_ ’ ot "_n
pP= E poiazoi'cré/|o-10—2><o-1 02 ‘
01,05,07,03

The partial trace can be performed the following:

n_1n

Peav = trep [p] = Z (o102| Z Po’102,a’1’a;’|01‘7/2><01 oyl | loroz)

01,02 ol,05,0) .04
. . . ;o
Using the orthogonality relation (0102[|0103) = 05, 51 05,,0, We find,

Pcav = E Poioy,010

01,02

Therefore p.q, consists only of the diagonal elements of p

C[pcava a

s
T a* T\
n =tr [pcavaTae)\a e a} =tr l E paurz,tflazajae)\a e

01,02

— Z tr |:p0'10'2,0'10'2a1-a6 i| Z C PU102 o1o9@ a]

01,02 01,02

(285)

(286)

(287)

(288)

We have to find the diagonal elements of p to calculate (afa). For this we can do a very similar calculation like in

section 10.4.

pii = —i [Hy, p] + k(wr) D [a] pi;

07[{’“] =tr [pu e “} =

Doing exactly the same calculations but with the ansatz for diagonal terms py; = |cii]?|a; (1)) (o

(289)

(290)

i(t)| where the prefactor

¢i; is not time dependent compared to the off-diagonal terms. At first it leads to the same cavity states:

dr(t) = ar(t) |—i(we + x1 +x2) — g = a1 (t) = a1 (0) exp ( —i(we + X1+ x2) — g t) (291)
Ga(t) = as(t) | =ilwe = x1—x2) - g = as(t) = as(0) exp ( —ilwe —x1 = x2) - g t) (292)
as(t) = as(t) [—i(wc +x1—x2) — g} = as(t) = a3(0) exp ([—i(wc +x1—x2) — g} t) (293)
Gy (t) = ag(t) |—i(we — x1+x2) — g = ay4(t) = ay(0) exp ( —i(we — x1+ x2) — g t) (294)
Now calculating,
1 aTa a a 6 6

-i-a> _ O,,[lpcau ] C ,00'102 o109 ] — 70['0“1(72 0_102}

012,;2 A= 012;2 A=0 01,02 OX* O A=0 (295)

-y 29 (a»e’\o‘:_)‘*o‘i) =Y @ N a0 =3 a(0)]ai(t)
— A ON N IR N " 4

and |o;(t)]? = a?(0) exp (—~t) Vi. Therefore the decay rate of the cavity is .
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10.4 Calculation of c¢5(t)

p12 = —t(Hip12 — p12Ha2) + k(wy) D [a] p12 (296)
Hy =(we + x1 + x2)a’a (297)
Hy; =(we — x1 — XQ)GTCL (298)
d .
707[512] = tr |:p12e)\aTe—)\ a:|
it (299)

Aaf  —A*a

T —alaprs — plgaTa)e e

. ) K
=tr [(_Z(OJC + X1+ XQ)QTCLPH +ip12(we — x1 — xg)ata + 5(2ap12a

Now we use the relations we derived in Eq. 47 to 53

d 0 0 0 0
L ole2l | s *_ 2 i vl — _ il
dtC" [ i(we + x1+ x2) ()\ 8)\) BT +i(we — x1 — x2) ()\ 3)\*) 3)\+ 00
o _872 I oy 9 A\ — 9\ 9 Clpr2]
2 OANON* O\ ) OX* OX* ) OA "
using the Ansatz pio = c1a(t)|an ) {ae|, C¥'2 becomes:
clpel = clen@lentell — i [epp(t)]ar) (azle’ e ™) = cra()etese (301)

The last equality holds because the trace is invariant under cyclic permutations and a|a) = a|a) respectively (alat =
(o)™,
With this ansatz we obtain:

d d * * * * * *
$C,[lpl2] = aclg(t)e)‘%_’\ e élg(t)e/\az_)\ a4 Clz(t)()\d; — )\*O'él)e)\GQ_/\ a1 (302)

Now we can plug equation 301 and 302 into 300 and get:

d K K
2 oleel — | s AR . _ _ _ * ; ok _
GO0 = [(Fitee +x1+x2) = 3) (o) + (ilwe =1 = x2) - 5) dad +2i0a +xe)(cagan)] =
C-IQ(t)eAa;—)\*al + Cu(t)()\o'z; _ )\*dl)e/\a;_k*al
Now we can compare coefficients and get the differential equations,
. ) K
@ (t) = ar(t) [~ifwe +x1+x2) - 5 (304)
. . K
Ao (t) = as(t) [fz(wc —x1—x2) - 5] (305)
élg (t) = 7275612 (t)OLl(t)Ot; (t) (Xl + X2) (306)

which we can solve.

10.5 Effective deacy rate, resonant case
To derive the effective decay rate caused by the cavity-JPM-interaction we describe the system with the Hamiltonian,
Hy = woa'a +wel|0)(0] + g (al2) + af|1)) — wo|0)(0] (307)

and solve the master equation,
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p=—ilH,p|+rD[0)2[] p (308)
Where D [0] p = $(20pO" — OTOp — pO'O) again is the Lindblad dissipator.

We can rewrite the Hamiltonian into the reduced basis sates |n + 1,1),|n,2),|n,0) and it gets the following form:

(n+Dwe Vn+lg 0

H, = vn+lg (n+1lwe 0 (309)
0 0 —wo
When we write:
P11 P12 P1o
p=|p21 p22 P2 (310)
Po1 P02 PO
We can calculate
1 0 *%plg 0
£D[[0)(2]] p = 5 (2(0)(2|p|2)(0] = [2)(2[p — p[2)(2]) = | —Fp21  —paz  —3p20 (311)
2
0 —%Poz P22

By calculating the commutator we can obtain the differential equations for p.

[Hp, p] =
gvn + 1(pa1 — p12) gvn + 1g(p22 — p11) wop1o + (n + Dwepio +gvn + 1pao
gvn+ 1(p11 — pa22) gvn + 1(p12 — p21) wop20 + (N + L)wop20 + gvn + 1pig
—WopPo1 — (n + l)wcpm —gvn+1lpos —wopo2 — (n + 1>pr02 —gvn+ 1por 0
(312)

From this matrix we can obtain the following differential equations. Since we are interested in the occupation of the
state |0) we want to calculate poo(¢). Therefore the following differential equations are sufficient.

p11 = —igvn + 1(p21 — p12) (313)
pr2 = —igVn + 1(p12 — p21) — Kp2o (314)
PO0 = KP22 (315)
. . K
piz = —igVn+1(p2 — p11) = 51 (316)
. . K
pa1 = —igV'n + 1(p11 — p22) — 5P (317)
To simplify this system of differential equations we can use that:
L1z + po) =~ S(prz + par) (318)
dt P12 T pP21) = B P12 T P21
And solve for the real part of pis:
p12 + p21 = 2Re(pra = (p12(0) + p21(0))e 2" (319)
So we only have to find
Im(p1z) = 2L (320)

The system of differential equations reduces to:
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d P11 0 0 —2g9v/n+1 P11

5 P22 — 0 —K 2gv/n + 1 P22 (321)

t K

Im(p12) gvVn+1 —gvn+1 -5 Im(p12)
If we call:
0 0 —2gvn + 1

A= 0 —K 2gvn+1 (322)

gvn+1 —gyn+1 -5

The solution of this system of differential equations is:

p11(t)
— eAt P11(0)
I mp<2§1(3<t) - p22(0)Im(p12)(0) (323)

Under the initial conditions, that p11(0) = 1 is occupied and pa2(0) = I'mp12(0) = 0 are unoccupied in the beginning.
If we simplify e* = X (¢) we can solve the equation the following way:
p22(t) = X12(t)p11(0) = Xi2(t) (324)
with 8 = 2gv/n + 1:
2
/67(6
K2 — 452

Going back to the differential equations 328 to 332 we see poo = Kpa2 and since pgp(0) = 0 we can find the solution
for poo(t) just by integrating:

VeTTaEt,  —/e?map?
2 t-’-e 2 t—

X1p(t) = 2)e” 3! (325)

poo(t) = Ii/o drpaa(T) = /@/O drXo1(T) (326)

2 [WEPTP-5 _ 1 (B _ |
K {6 2 2 1 e 2 21 é(e%t ) (327)
K

R e N O
10.6 Laplace Transformation

With a Laplace Transformation it was possible to solve the differential equation for a non zero detuning.

p11 = —igvn + 1(pa1 — p12) (328)
p22 = —igV'n + 1(p12 — p21) — Kpa2 (329)
P00 = KpP22 (330)
. . R .
piz2 = —igv'n + 1(p22 — p11) — 5P12 ~ AVIP (331)
. . R .
pa1 = —igV/n + 1(p11 — p22) — P2 + iAp2 (332)
To simplify the calculation we split p12 into its imaginary and real part.
- R 1 K R I
p12 = 5(,012 + p21) = P2t Apip (333)
. 1 K
pia’ = 27<p12 = p21) = —gVn+ Lp22 — p11) — 5!’{2 — Apth (334)

When we apply a Laplace Transformation to the s space with p(0) = (1,0,0,0)? we find the following equations.
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A
R I
- _= 335
P12 s %Pm (335)

o 2/8n I 2/8n I

P22 = s+ KP12 = s+ KP12 (336)
1 28, ;
_ 337
P11 s s P12 ( )
B 2Bn(s + 5)(s + &)
plo = = 2 (338)

S

Here we used the short hand notation 5 = gv/n + 1. In the end we are intrested in pgy which can be obtained by
integrating pes. To find pae we just have to plug pl, into equation (336) and this will also cancel the factor (s + k).
To do the back transformation to the time space we have to calculate the integral:

Ar T2+ R) st S+ A% (s+R)+(s+5) s(s+R)+282 ((s+ k) (s+5) +5(s+5))

1 y+ioo )
pult) = 5 [ depus)e (339)
Y

B % —100
Which can easily be solved if we find the factorized form of the denominator of the function we want to integrate. If

we find this form we only have to calculate the residua of the function and sum them up.
For A = 0 the poles of pl, are:

0= — (340)

2
o = % (V163 — ) (341)
o = % (—v/w2 1652 - &) (342)

For this case one has to be carefull because if we set A = 0 the factor (g + s) also cancels in the numerator and we
are only left with:

_ 232 B 232
P22(®) = (E AR 1 % Frs) (5= s0)(5 — 5 )(5 — 53) (343)
paa(t) =D Resi(paa(s)e™) (344)
ezt e e

=26, +

(so = s+) (so —s-) " (54 +5) (54 —s5-)  (s-+5)(s— —s4) (345)

And to find pgo(t) we have to integrate poo(t) = & fot p22(7)d7. Therefore:

4532 [e(\/(§)2—4ﬁ%—§)t —1 VEPAE-5E gy
n _ + =
w1601 (57 4B -5 GP-42+5 &

The other matrix elements of the density matrix can be calculated completely analogous.

poo(t) =— (7 - 1)} (346)

p(t) =1 3 5 e + e e (347)
K3 — 1632 2 2 2
432 \/r2—-4p2 —y/K2-482 "
p22(t) = %(6 T e T —2) e ®! (348)
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For A # 0 the poles of pl, are:

1 \/—|—\/(1692m + K2 + 4€2)® — 64¢2Kk2m — 16¢%m + K2 — 4€2
so=- |+ — K 349
o= — (319
1 \/— \/(16g2m + K2+ 462)2 — 64¢%k2m — 16g%2m + k2 — 4€2
s1==| — — K (350)
2 73
1 \/—\/(1692m + K2 4 4€2)? — 64¢2K2m — 16¢2m + K2 — 4€2
So=—1|+ —K 351
= — (351)
1 \/—|—\/(1692m + K2 + 4€2)® — 64¢2Kk2m — 16¢%m + K2 — 4€2
ss3==|— —K (352)
2 72
So the Laplace transfomed poy takes the form:
28,(s+ £)(s+ K

paz(s) = (

s—80)(s—51)(s —s2)(s— s2)
To do the back transformation we again only have to calculate the residua of pas(s)es? and after that we again integrate
mfot p22(T)dT to obtain poo(t)
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The terms of pgp that correspond to the poles sg ;2,3 are

1 —exp (—}175 <\/§\/—16/3,% + \/25653 + 3282 (4A2 — k2) + (K2 + 4A2)% + k2 — 4A2 + 2n>>

P00,s0 = (354)
ﬁ\/1663 + \/2566;{ + 3262 (4A2 — k2) + (k2 + 4A2)% + K2 — 4A2 4 25
1 —exp (}lt (ﬂ\/—mﬁg — \/25653 + 3282 (4A2 — k2) + (K2 + 4A2)% + k2 — 4A2 — 2n)>
P00,s1 = (355)
\/é\/mﬂg - \/25653 + 3262 (4A2 — k2) + (k2 + 4A2)° + k2 — 4A2 — 2%
1 —exp (—}lt (ﬁ\/—165§ - \/25663 + 32032 (4A2 — k2) + (k2 4+ 4A2)% + K2 — 4A2 + 2/<;>>
P00,s5 = (356)
\/5\/1653 - \/25653 + 3262 (4A2% — K2) + (k2 + 4A2)° + K2 — 4A2 4 2%
1 —exp (;t <\@\/166,% + \/25653 + 32032 (4A2 — k2) + (k2 4+ 4A2)% 4+ K2 — 4A2 — 2n>>
P00,s5 = — (357)
\/i\/166,% + \/256ﬁ;§ + 3262 (4A2 — k2) + (K2 + 4A2)% + k2 — 4A2 — 25
These terms all have the prefactor
1 2
A 65, (358)

V25684 + 3282 (482 — 17) + (k2 + 4A2)°

And poo = A", poo,s,- If we now look at these term we can see that they all have a similar form. They contain some prefactor and exponantial of
the form (1 — exp(---)). If we look at the prefactors B,

1
B, = (359)
\/i\/—mﬂg + \/2565;5 + 3202 (4A2 — k2) + (K2 4+ 4A2)% + K2 — 4A2 + 2%
and expand them to the 2nd order in € we can simplify them. Furthermore we always have to keep in mind that x > (.
2v/2A2 ( (1682 — K2)* — 1642 — n2>
(360)

1
B, = + 2
\/ﬁ\/\/ (k2 —1682)* — 1682 + K2 + 2k \/(165% - 52)2\/\/(16@% — K2)* — 1682 + K2 (\/5\/\/(/{2 —1662)> — 1682 4 K2 + 2/{)

JUQUIOINSBIJN A}1IR ] JIqNE)-IHNIN :3009[01J 10)seIN

PN SPLIYR]
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2v/2A2 ( (1682 — k2)* + 1632 + ﬁ)

sl = +
f\/ V(K2 = 1682)* — 1682 + k2 — 2~ 1652 \/ \/ 1652 — k2)° — 16432 + K2 <\/\/ \/ (K2 —1682)% — 1682 + k2 — 2n>

(361)

2A?2 (ﬁ ( (1682 — k2)* + 162 + /-;2))

1
B,, = — -
\/5\/\/ (k2 — 1682)* — 1682 + K2 + 2k 1662 \/ \/ 1682 — k2)? — 1632 + K2 (f\/ \/ (k2 —1682)% — 1682 + K2 + 2n>
(362)
B, = (363)

1
- - 2
\/i\/\/ (k2 = 1682) — 1682 + K2 — 2k \/(1653 - /-;2)2\/\/(16@% — K2)? — 1652 + 2 (ﬁ\/\/(/-;? —1682)? — 1642 + k2 — 2;@>

In this form we can obtain that the denominator of the first term of the prefactor B, will go to zero for A < 1 and k > f,,. So this term will be
dominant. The next step will be to simplify the exponential of pgg_s, -

exp,, = 1 —exp ( (\[\/ 1682 + \/25654 + 32032 (402 — k2) + (K2 + 4A2)° + K2 — 4A2 — 2&)) (364)
28 (va (yf(crosz + 2 - 1652 - 7
—1—exp it (ﬁ\/\/(,@ —1662)% — 1682 + K2 — 2/<;> - (365)
\/(—16[3% + Kk2) \/\/ —16432 + k2)* — 1632 + K2
=1—exp it - 165, + G175,

Rl - 8% )\/1,@ (366)
S ( 4,: (1 - 4Aj>> (367)

On the first line we did the expansion in A? and in the 2nd line we expanded y/—1642 + k2 ~ 1(1—832/k%). One also has to be carefull with terms like

(—1632 + k2)2 which is the absolute value | — 1632 +x2|. Here we always have to keep in mind that x >> 3, and therefore | — 1632 +r?| = k? —16/32.
It is also very important to keep in mind that because of the first expansion in A% < 1 that the detuning has to be A? <« k; and A? <« g;. And
since g7y K kg = A2 K g7 < Ky

JUSTIAINSBIN A)JLTRJ HIqNY)-TININ :199[01J 19ISRI

PN SPLIYR]




Master Project: Multi-Qubit Parity Measurement Patrick Hiimbeli

10.7 Unravelling of the density matrix

we already know:

Lp =—i[H,] - g(aTa 4 -a'a)
Hp = H—igaTa

Lp|V)(¥| = %(HB\‘I’M‘I’I + W) (P |HE")

We want to show: ‘ 4 4
L8 |W) (0] L e M ) (] ittt

Prove:

L5ty (1+£ t+(£§t) +~-->p

We know how Lp applies to p so we have to find out how £% and higher order apply. Therefore:

1 . 1 k (ata a'a
EQBPZEB;(HBP_pH]TB) = _Z[va(HBP—PHL)] -3 (Z-(HBP—PHT) + (Hpp — pHp) — ; >

To solve the first part we take into account that H and Hp commute. The 2nd part we can use that ata and Hg
commute and we rewrite it:

k (a'a ata K
B < (Hpp — pH )+ (Hpp — pH};)i) % (HB( Tap + pa'a) — (aTap—FpaTa)HL)

Therefore:

H H]
L%p = TB (—i [H,p] — g(aTap - paTa) — (—i[H, p] — g(aTap - paTa) TB

Lpp

We us now again Lp|¥)(V| = L(Hp|V)(¥| + | @) (U|Hp") and so we find:

1\? .
Cho=(3) (o~ 2tnpitl + pli})?)

For higher order terms of Lp this pattern repeats and we find:

Hpt)? HLt)? . ,
Btp(1iHBt+(g)+...>p<1iH]gt+( 1;) +... :eszBtpeszgt

q.e.d.

10.8 Calculate density matrix for leaking Cavity which is initially in a Fock state

We solved the quantum trajectory for an initial Fock state. And the aim is to see, if we average over all stochastic
variables Y (t) and N(t) we should get the same result as if we solved the master equation for this system.

In the Project work from summer we only calculated the master equation with an initial coherent state. So we have
to solve this equation for Fock states. For coherent states we used the characteristic function ansatz. Here we can try
something else.

We start with the ME:

p(t) = —i[H, p] + kDlalp (368)
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In a rotating frame we have the Hamiltonian H = ya'ac?. In the the number basis we define:

prn(t) = (nlp(t)[n) (369)
And the bare qubit density matrix is the partial trace of the whole density matrix. Which is defined as:
Pab =D pon(t) (370)
n
Prn(t) = (n|p(t)|n) = —i{n|([H, p] + £Dla]p)|n) (371)

By plugging in the Hamiltonian an let it operate on the left and the right |n) we get:

. . z z K
Prn(t) = —ix1 (0% ppn(t) — prn(t)o®) + 5(2(71 + 1)pnt1,n+1(t) = 2npnn(?)) (372)
the commutator [0%, p,n,(t)] can be evaluated just by assuming that:
N T
P P
n(t) = nn. U 373
o= [ i 1] )
And it can be seen that:

(0% pon (B)] = [2(21 Ly QPO%} (374)

An other way to evaluate this commutator is that the Hamiltonian does not flip spins. Therefore the matrix elements
of ppn(t) have the structure for example pl¥ ~ |e){g| and p!! ~ |e)(e|. So it can be seen, that the diagonal elements
of pnn(t) vanish.

The master equation can be solved component wise. Since we are mostly interested in the off-diagonal parts of the
density matrix we solve it for the element pl¥ (). So we find a system of linear differential equations:

. . K
pin(t) = =2nplL (X + ) + K0+ Dl (1) (375)

In matrix form we can write it the following for a N dimensional Fock space:

(] o P 0 0 0 0 1 [ri® ]
piit) | [0 —2(ix+%) 2 0 0 0 pi(t)
2510 0 0 —Aix+3) 3k 0 0 510)
ol =1o 0 0 ' 0 0 = (376)
430 0 0 0 0 0 —2n(ix+5%5) nx AL (1)
: 0 0 0 0 0 0 : e :
w0 0 0 0 0 0 0 —2NGx+3)]  |ply(®)]
=A
This system of differential equations can be solved with p(t) = ep(0).
As an initial state we choose [¢) = 1/v/2(|e) + |g)) ® |m). Therefore we have:
[ p%(o) 1 r10°
pli(o) 0
p23(0) 0
t1(0) = 3 = |- 377
O o | T (e 70
Pm+1 m+1(0) 0
L P}\%N(O) J L0
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The Matrix A is an upper triangle matrix. Therefore e* has also upper triangle form which will lead to a cut-off of all
elements in p that are higher than m. This also makes physically sense because we are at zero temperature and if we
start in the Fock state |m) we can never end up in a state higher than m. So we can reduce our system of differential
equations to m dimensions. If we calculate p™(t) = e*p™¥(0) we can sum up all elements of p™(¢) to come back to
the off diagonal element of pg,(t) (Eq. 370).

To solve this system of differential equations we diagonalize the matrix with the transformation matrix P. With
the diagonal matrix D we get the relation A = PDP~'. P is the matrix consisting of the eigenvectors of A. The
eigenvalues of A can just be read of the diagonal of A. Therefore we get

2 3

U G @xre? g
K
8 (:; -2 (ZiXJrn) 3(32@'X+;<;)2 ce i( )k l < " >kl (k) | >< | ( )
P N Sl S R N N A NG 378
(2ix+k) - ’
0 0 0 1 I e 2ix+k !

with |I)(k| is standing for the entry of column i and raw j of the matrix. Furthermore we get

pr=S (i) (o (379)

k>l
and

D _ Ze_k(2iX+K)t‘k><k|. (380)

Calculating now p(t) = PeP*P~1p™(0) with an initial state p™(0) that only has m dimensions leads to

% i i (21)(/1,{) m—1 o~ kt(2ix+r) (?) (Z?) 1), (381)

=0

N

where we define ( ) =0 for I > k. From Eq. 370 we know that pgé is the sum of every entry in p™. So

o0 = 1SS (1! (QXZ)M erenn (D)) (352)

1=0 k=0
and

1 m m K m—I1 k m
s _ = 1 k—1 —kt(2ix+k)
0 =535 () () () (383)

1=0
Here we can split (r/(2ix+k))™ " into (rk/(2ix+k))™((2ix+£)/k)! and use the binomial series (a+b)" = Y_;_, a™b"~*

leads to
1 & " 2ix + K g Lt(2i m
= —1) e k@xtR) : 384
qu 22<2zx+n> ( K ) ‘ k (384)

Here we also used that (’;) = 0 for [ > k this leads to a cut-off of the sum over I at k. Again using the binomial series

leads to:
pN(t) = 1 /i " e*t(QiXJrN)% +1 " (385)
ab 2\ 2ix+ kK K

Which is the compact result for initially being in the Fock state |m) from the full simplified numerics:

N <6mt(n+2ix) (et(nJrZix)H + QiX)m>

(386)

Pav = 3 (k4 2ix)™
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10.9 Rotating Frame

Putting a system to a rotating frame is sometimes useful to simplify the Hamiltonian and investigate for example
the time evolution just caused by some specific terms of the Hamiltonian. In the specific case of section 2.1 we are
interested in the time evolution caused by the dispersive shift of the cavity x,0Za’a. The full Hamiltonian reads,

N

wQ,, +

H =wecala + Z(XQnaTa + Q”fXQ")afL (387)
n=1

Defining a unitairy transformation U(t) = exp(i 25:1 %oﬁt) = exp(i 25:1 %aflt) the Hamiltonian trans-

forms,

H=UHU'—ivU" (388)

evaluating first the second right hand term,

N N Ny
et . & 2 . ﬁ 2 o & 2
WU = —iexp (ZZ zant>< znzz:l 20'n> exp( ZZ 20nt> (389)

n=1 n=1

because [Jf, a"?] = 0V, j the exponentials chancel and,

J
N W N W
st = 5 | s “noz | n oz
U z< 2321 5 an) <n§:1 5 O’n> (390)

Evaluating the first second hand term of H we can use the same arguments. [aTa, aﬂ =0 and [af, aj-’] = 0V1, j leads
to,

UHU' = H (391)
Plugging this together leads to,

Ny
H=UHU'—iUU" = H - (Z “2%;) (392)

n=1
Therefore this transformation chancels simply the bare qubit term of the Hamiltonian. To get rid of the bare cavity
term wca'a one can repeat the same calculation with U(t) = exp(iwca’at).
One has to keep in mind, that the state vectors |¢) also transform under the unitairy transformation ) = Ut|y).
This will also lead to some dynamics in the parity subspaces which are not the focus of this work. We are interested
in the dephasing caused by the measurement which is mainly the qubit-cavity interaction. The dephasing caused for
example by the unitary transformation U (t) = exp(i 321 :

el %az t) would also occur in the bare qubit system and does
not change if one couples it to a cavity.

10.10 Loss of coherence through cavity-JPM dynamics

This section is a brief discussion about the expected loss of coherence of the cavity state. If we approximate our
full system with an effective decay rate keg and assume the cavity to decay through the decay channel /kcga there
should be more information contained in the decaying photon than there actually is. Since a coherent state |a) is
an eigenstate of the annihilation operator a with the eigenvalue o the decaying photon in the effective model should
contain information about the phase and the amplitude of the cavity. In the full system dynamics on the other side we
are not able to extract this information. For this reason Govia et al. propose that the cavity is not exactly coherent
after the decay of a photon through the JPM and the effective model could be approximated with the operator
B =3, |n—1)(n|. To investigate the coherence of the cavity state before a photon jump and after it we define the
coherency parameter for an arbitrary cavity state [¢) as follows:

(l)) = M (303)
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This coherence value C will be exactly one if |¢) is an eigenstate of the operator a. In Figure 26 we show the numerical
results of a coherence measurement of the full system and the effective model with the B-Operator. For this purpose we
calculated the coherence value directly before and after the jump which happens randomly at the time t;. Therefore
we plot the value:

C(ly)(ts — dt) = C([9)(ts + dt)) (394)

The results can be seen in figure 26. In conclusion we can say that a decay of the coherence of the order 1072 is a
very small effect and can be neglected. And the approach with the B-operator is not necessary because there is no
real improvement compared to the annihilation operator a where we would not have any decay of coherence.

Cavity coherence decay at the jump
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Figure 26: Comparison of the coherence decay C(|)(t; — dt) — C(|¢)(ts + dt)) of the full system cavity state and the
effective model that decays through the channel \/kegB. The decay is plotted against the jump time ¢;. The cavity
was set to an initial amplitude a = 4.
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