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1 Motivation and the general goal
Despite the tremendous technological progress in the recent years, in the near future, scientists will be forced
to work with noisy and intermediate-scale quantum devices [1]. The natural question to ask is what will be
the possible applications and limitation of such near-term devices. Moreover, in spite the intense effort in the
course of last 30 years, the understanding of the relative power between classical and quantum computers
remains elusive and, in my opinion, it constitutes one of the most important problems in the field of quantum
information.
The situation presented above is the main drive and motivation of my future research which I hope to realize
with my future group in the CTP PAS in Warsaw. I plan to explore, together with my group, the computational
power and limitations of near-term intermediate-scale quantum devices, and develop improved methods of
manipulation and probing of these systems. My research plan focuses on the setting of quantum optics (with
emphasis on integrated photonic circuits [2]), as well as that of “standard” quantum circuits (it is corrently being
realized in systems of superconducting qubits by IBM [3], Rigetti [4], Intel or Google [5]).

2 Research objectives
I devided the proposed research into four distinct objectives that timely problem relevant for the present-day and
near-term quantum computers. They correspond to various aspects of Objectives C and D mentioned in the main
mart of teh propolas.
Objective I: Understanding the limitations and power of noisy quantum computational supremacy proposals.
Quantum Computational Supremacy (QCS) is an intermediate milestone proposed recently in the face of the
extreme difficulty to construct scalable quantum computers. Its aim is to demonstrate the computational advantage
of quantum mechanics even with the restricted quantum devices whose computational power is limited by their size,
possibility to manipulate and address, and the destructive effect of decoherence. The proposals of QCS typically
take the form of sampling problems. This means that the task of a device is to produce a sample from a probability
distribution, which is believed to be a difficult task for classical computer. The merit of this objective is primarily
to understand the role of noise, decoherence and losses on various QCS proposals. On one hand, it is expected
that if too much noise is present, then samples produced even by a complicated quantum system can be easily
generated by classical computers. This can lead to computationally efficient benchmarking procedures for
complicated, but noisy, quantum devices. On the other hand, small losses might still yield to distributions
that are still classically hard. We will also investigate the unexplored territory between these two extreme
cases.
I.1 Noisy boson sampling
Boson sampling [7] is one of the leading proposals for QCS, based on linear-optical circuits, single-photon input
states and particle detectors. Despite the recent theoretical [8, 9, 10] and experimental progress [11, 12], it is still not
clear whether boson sampling is a promising architecture to demonstrate the advantage over classical computers.
In particular, the impact of various kinds of imperfections (particle partial distinguishability, losses, efficiency of
detectors and sources) in still not well-understood. A recent work [13], written by myself and Daniel Brod, we
achieved a significant progress in assessing the computational hardness of boson sampling in the presence of losses.
Research tasks in this work package aim to (i) extend the results of [13] in numerous ways and (ii) solve a
number of important and yet unsolved open problems in this field. Specific tasks are the following:
1. Study the impact of losses on the QCS proposals like scattershot boson sampling [14] or boson sampling with
Gaussian input states [15].
2. Understand the possibility to classically simulate ideal boson sampling via “mean field states” [13]. Attempt
to prove the boson sampling anti-concentration conjecture.

3. Applythe methods of [13] in conjunction with theory of partial-distingishability [16, 17] to develop new
classical simulation shemes.
4. Show or disprove the possibility to demonstrate QCS linear optical networks of logarithmic depth.
5. Study the possibility of applying weak (cross) Kerr [18] nonlinearity to perform (restricted) error correction
to undermine the effect of losses in boson sampling .
I.2 Noisy random quantum circuits
Another important class of QCS proposals is realised in systems of many qubits that are transformed via random
unitary operations. The most developed proposals are based on applying sequences of gates randomly chosen from
so-called IQP gates [19] or from the family of universal many qubit gates [5, 20]. Similarly, to the case of boson
sampling, the role of noise and decoherence on these proposals of QCS is not well-understood (see however
[21, 22, 23] ]). We will undertake the ambitious goal of solving this timely issue. Specific tasks are the following:
1. Assessment of the noise/decoherence robustness of IQP quantum supremacy proposals via techniques inspired
by those developed in [13].
2. Assessment of the noise/decoherence robustness of QCS proposals based on random gates. This will be done
building up on the results of [13] and by developing the general understanding of how noise affects random
quantum circuits [24, 25].
Results obtained in point 2 are relevant for understanding of entanglement [26] and scrambling [27, 28] in manybody quantum systems undergoing random many-body dynamics, and will be applied also in these contexts.
Objective II: Developing of new methods of control and manipulation of quantum systems

Virtually any operation performed on a quantum system introduces additional noise and decoherence [29]. For this
reason it is desirable to minimise a number of quantum gates required to perform a given task. Moreover, experimental limitations often constrain the possible transformations that can be performed on a given quantum system.
The merit of this objective is to introduce new methods reducing the number of elementary transformations
necessary to realise a given unitary transformation to a given precision. The specific tasks will concern the
settings of linear optical networks and quantum circuits :
1. Assessment how well low-depth mode nonlocal bosonic circuits can approximate general linear-optical interferometers;
2. Development of new gate compilation [30] schemes beyon the framework of “Clifford + T” gates and gate
decomposition using entangling gates and local unitaries.
The first task is motivated by the necessity of protecting linear optical networks against optical losses [31, 32]. The
currently known constructions [33] allow to realize arbitrary linear optical transformation using circuits consisting of
mode-local elements that have depth linear in d, i.e. number of modes. However, the filed of integrated photonics
recently developed [34] the possibility to implement mode-nonlocal transformations using three-dimensional
linear optical chips. Thus, there is hope to reduce the losses encountered by linear optical transformations
by using sequences of mode-nonlocal operations.
The second task is a bold attempt to go beyond the standard approach for compiling of quantum gates.
Typically, quantum gates are decomposed first onto the sequence of local unitary and entangling gates [40]. In
the secod step single qubit unitaries are decomposed using single qubit Clifford and T gates [44] (this choice
is motivated by the theory of quantum error correction). We want to propose the alternative schemes for gate
decomposition.
First, we want to replace entangling transformations in the first part of the cheme by so-called Matchgate circuits. They form a low dimensional (Lie) subgroup of the full unitary group [35] (they are also relevant also in
other fields of quantum computing such as classical simulability [36, 37]) and can be composed form nearestneighbour gates available in the architectures of superconducting qubits [38]. When supplemented with additional

gates (like standard local unitaries) they yield computational universality. I expect that mathematical structure of
the matchgate circuits (together with the extension of the results from [39]) would yield a novel and possibly
advantageous method of gate compilation based on matchgates and local unitary transformation (especially
for near-term devices where gates are not implemented in fault-tolerant manner).
Concerning the second step (decomposition of single-qubit unitaries), we want to propose alternatives for “Clifford+T” schme. The famous Solovay-Kitaev theorem [41] says that, roughly, all universal sets of gates are equally
efficient. More specifically, it guarantees that there is a constant c ≥ 1 such that for any universal set of gates one
needs no more than A logc (1/ε) gates to approximate arbitrary unitary operation with the ε precision. Thus from a
purely theoretical point of view, the Solovay-Kitaev theorem puts all universal sets as equally efficient. However,
for near-term quantum computing it is particularly important to identify those universal sets for which the depth
of the approximating circuit is the shortest. This corresponds to c = 1 and the smallest value of constant A. In the
recently published papers [42, 43, 44, 45] authors show that for certain gate-sets, like Clifford+T or V-gates, one can
obtain much shorter circuits than for others. Moreover, this approximation can be found efficiently in poly-log time
using some probabilistic algorithm. As was recently explained by Sarnak [46, 49] similar short circuits can exist
for many other sets of gates. Their construction is related to number theoretic techniques used in the seminal papers
regarding optimal distributions of points on a sphere. We will use this results to design new efficient compilation
procedures for new optimal sets of gates.
Objective III Understanding the relative power of projective and generalized measurements for quantum computers

In the abstract quantum information theory [59] it is often assumed that agents involved in processing of quantum
information can perform arbitrary measurements (POVMs) allowed in quantum theory. However, in practical situations the class of allowed measurements is usually restricted by practical or fundamental reasons. For example,
implementation of a generalized measurement typically requires access to the ancilla of dimension equal to the
dimension of the system of interest [60] The role of this objective is to asses the relative power for quantum
information-processing between projective (von- Neumann) measurements and the general POVMs. Specifically, the performance of these classes of measurements will be compared for the following quantum computing
tasks: hidden subgroup problem [61], port-based teleportation [62], discrimination of quantum states and unitaries
[63]. If the advantage of POVMs for a given task will be overwhelming, then this means that for this scenario one
cannot resort to simpler von Neumann measurements. On the other hand, if the difference in performance is small,
then the suboptimal strategy based on projective measurements is likely more feasible for practical implementation
[60, 64].
Objective IV: Quantum psaudorandomness

For many applications in quantum information it is desirable to implement operations corresponding to performing
averages with respect to the Haar measure on the full unitary group. Relaxation of this condition by requiring that
the averages with respect to the physically realizable ensemble of unitaries (approximately) agree with these coming
form the Haar measure only on polynomials up to a certain degree gives rise the notion of (approximate) unitary
t-design [50]. In recent years there was a big progress in showing that shallow (i.e. of depth logarithmic in the
dimension of the system) random quantum circuits form approximate t- designs [24, 25]. The property of being
approximate t-design turns out to be important for proposals of quantum supremacy because it implies so-called
anticoncentration [51]). In this objective we aim to check how the aforementioned results are modified by the
errors present in quantum circuits. Moreover, we plan to extend the results concerning random circuits to
the realm of bosonic linear optics. Here are the exemplary research tasks:
1. Assess how the property of approximate t-design is affected, if to a sequence of random universal gates we
append some noise (on the level of every gate). Will the random circuits still anti-concentrate?
2. Investigate whether shallow optical circuits consisting of (i) nearest-neighbour and (ii) mode nonlocal operations allow to attain approximate t-designs.
3. Study the convergence of the random circuits generated by cross-Kerr gate and passive linear optics to approximate t-designs in the bosonic Hilbert space [52]

The motivation for the second task again steams form quantum tomography [53]. One can also conjecture that
ensembles of gate-sets forming approximate t-designs (for sufficiently large t) can lead to sampling problems that
are computationally hard (in analogy to the standard proposal of boson sampling).
Concerning the third task, in [52] the cross-Kerr interaction was used to generate, in conjunction with passive
linear optics, random sequences of gates that that are approximate t-designs on a bosonic Hilbert space. We plan to
examine the convergence to approximate t-design as a function of the strength of the cross-Kerr interaction. More
precisely, we expect [54] that the time of convergence will depend of the norm k[UK ⊗UK , Lb ]k , where UK is a
gate generated by the cross-Kerr interaction. The problem of convergence of such random evolutions is potentially
relevant for probing the correlations of many-body systems that are driven by some complicated evolutions, which
can be interrupted by quenches of “simple” evolutions [55].

4 Feasibility, research team and organisation of work
Expertise of the Project leader—The proposed project concerns the present research interest of Michał Oszmaniec. He has the experience in both research both topics related to the objectives of the project. Considering
the Objective I, he is the main author of the paper [13] concerning the lossy boson sampling that is directly related
to tasks I.1-I.4 a are in fact offspring of this work and an attempt to make an important contribution to the field of
quantum computational supremacy. On the other hand, Objective II focuses on the problems of control of quantum
systems, which can be addressed via group-theoretic methods. These techniques were used in a recent publication
co-authored by the applicant [39]. Objective III is also in the competence of dr Oszmaniec (in fact he is the main
author of two publications [64, 60] on related subject). Finally, objective IV is a continiuation of the Homing project
realized by the aplicant.
The complementary expertise important for the realisation of the problem will be provided by partners
engaged in the project: Michał Horodecki (Gdańsk) - Objectives II and IV , Daniel Brod (Niteroi, Brazil) objective I and II, and Zoltan Zimboras (Wigner Institute, Hungary) - objective II.
Research team and division of work— The quantum computing group will consist of six people: project leader,
a postdoc, suporting stientist, and two PhD students, and one master student. It is expected that all members of the
group will be dedicated to realisation of the ambitious goals of the project. Project leader and supporting scientist
will be also supervising the students and a postdoc in the course of the project. Two master students will be hired,
each for the period of approximately 24 months. He or she will be working on numerical aspects of either of
the research objectives I,II or III (deepening on the needs). If Master student exhibit analytical skills, he will be
enrolled in a currently active project requiring his competence (the interaction with other members of the tram will
be encouraged). PhD students will be both employed for periods of 48 months. Each of them will be working on a
different objective of the project (Possibly I or II). It is expected that the research of PhD students will be have both
analytical and numerical flavour. Finally, a postdoc will be hired for a period of two years (with a possible extension
to the third year). The responsibility of a postdoc will be to work intently on at least two of the objectives of the
project. Finally, the supporting scientist will be working on tasks related to objective II and will be supervising
students on the daily basis.
Organisation of work— The work in the project will be organised around weekly group meetings where the team
members will be presenting intermediate progress and reporting on the recent scientific achievements in subjects
relevant for the topic of the project (Journal club). Moreover, project leader will be discussing the ongoing issues
with the team on the daily basis. Every week there will a few Skype conferences with the partners. These meetings
will be attended by the members of the group engaged in the relevant research tasks. Bilateral visits to partners will
also play an important role in the project.
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