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Abstract

An open question in designing superconducting quantum circuits is how best to reduce the full
circuit Hamiltonian which describes their dynamics to an effective two-level qubit Hamiltonian
which is appropriate for manipulation of quantum information. Despite advances in numerical
methods to simulate the spectral properties of multi-element superconducting circuits (Yurke B
and Denker J S 1984 Phys. Rev. A 29 1419, Reiter F and Serensen A S 2012 Phys. Rev. A 85 032111
and Amin M H et al 2012 Phys. Rev. A 86 052314), the literature lacks a consistent and effective
method of determining the effective qubit Hamiltonian. Here we address this problem by
introducing a novel local basis reduction method. This method does not require any ad hoc
assumption on the structure of the Hamiltonian such as its linear response to applied fields. We
numerically benchmark the local basis reduction method against other Hamiltonian reduction
methods in the literature and report specific examples of superconducting qubits, including the
capacitively-shunted flux qubit, where the standard reduction approaches fail. By combining the
local basis reduction method with the Schrieffer—Wolff transformation we further extend its
applicability to systems of interacting qubits and use it to extract both non-stoquastic two-qubit
Hamiltonians and three-local interaction terms in three-qubit Hamiltonians.

1. Introduction

Since their first appearance, superconducting (SC) circuits including Josephson junctions have proved to be
one of the most promising platforms for quantum information processing applications [4—8]. The
lithographic fabrication process allows fine tuning of the physical properties of each superconducting
circuit, thus resulting in qubits with different spectral properties. Individual qubits can be manufactured in
large arrays, with electrostatic and magnetic interactions coupling pairs of them. The strength of the local
fields on each qubit and of the two-qubit interactions can further be adjusted dynamically by applying
external electrostatic and magnetic fields, making for a flexible and scalable architecture for both gate-based
quantum computation (GBQC) and quantum annealing (QA) [4, 5, 9-11].

A two decades quest to improve the coherence metrics of superconducting qubits, by materials and
circuit engineering, has led to a number of SC qubit designs, such as capacitively-shunted flux qubits and
transmons, having T} and T times in the 100 ms range [12, 13]. These circuits, as much as the earlier
designs, including rf-SQUID qubits [14], persistent-current qubits [9] and single-Cooper-pair boxes [15]
are, by construction, characterised by the fact that, under specific operation conditions, they can be
regarded as two-level systems (in the sense that any additional stationary state of the system has a
substantially higher energy and a small probability of being populated) [16].

The fundamental theory describing SC circuits, i.e. quantum network theory, is well established and can
be used, at least in some approximate form, to numerically determine the energy spectrum of an arbitrary
SC qubit circuit [1-3]. The literature seems, however, to be missing an agreed and consistent way of
connecting the electromagnetic Hamiltonian I:Ie‘,m, of an arbitrary system of n SC qubits to the
corresponding effective qubit Hamiltonian I:Iq( H,)> O, equivalently, of numerically determining the
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parameters of an n-spin Hamiltonian which reproduces the low-energy spectrum of H,_,,., as well as the
computational state probabilities and the expectation values of the system observables. As we will see below,
where such mapping methods do exist (see, for instance, supplementary materials of references [17, 18]),
they are not guaranteed to reproduce the correct low-energy spectrum of the circuit.

A general scheme for reducing the circuit Hamiltonian of an arbitrary SC qubit system to the correct
effective qubit Hamiltonian would serve several purposes. Firstly, the effective qubit Hamiltonian can be
used to model and interpret quantum state evolution experiments, since it contains all the necessary
information to describe the dynamical evolution of the qubit system, as long as this is not excited outside of
the computational space (leakage) [7, 18], while being much more compact than the full circuit
Hamiltonian. Secondly, specifically in the context of adiabatic quantum computing (AQC), identification of
non-stoquastic and multi-local terms in the qubit Hamiltonian could help the engineering of such terms,
which are fundamental to implement non-stoquastic AQC (which is thought to be more powerful than its
stoquastic counterpart [19]) and error suppression protocols based on stabiliser codes [20], respectively. In
experiments involving such non-stoquastic and multi-body interaction terms, the analysis of spectroscopic
data can also be made substantially easier by the availability of the reduced Hamiltonian [18]. Lastly, in the
case of single qubits, the calculation of the effective qubit Hamiltonian represents an improved way of
estimating the tunnelling amplitudes between semi-classical potential minima that is an alternative to
instanton-based approaches and therefore potentially more accurate, especially in the limit of large
tunnelling amplitudes [21, 22].

In this paper we propose a method of implementing Hamiltonian reduction based on a natural local
definition of the computational basis. Our method does not require any ad hoc assumption on the structure
of the Hamiltonian, such as its linear response to the applied electrostatic and magnetic fields, which is at
the core of standard perturbative reduction methods [17]. Additionally the scheme can be applied to
individual SC qubits of any kind, as well as to systems of qubits and coupler circuits, interacting
magnetically or electrostatically. In the interacting case the scheme makes use of the Schrieffer—Wolff
transformation to separate the low energy subspace from the rest of the Hilbert space [23].

The article is structured as follows: in the next section we revise how to write a general electromagnetic
Hamiltonian for isolated and coupled superconducting circuits. In section 3 we introduce some of the
state-of-the-art reduction methods in the literature and then present our novel approach to the problem, in
the context of both single and interacting qubits. In section 4 we present the numerical results of
Hamiltonian reduction applied to systems of superconducting qubits, with a specific reference to recent
publications. Finally we summarise our conclusions.

2. Circuit Hamiltonians from quantum circuit analysis

Since we want to establish a way to numerically derive an effective qubit Hamiltonian from the full
Hamiltonian describing the superconducting circuit, we begin this paper by revising how to write down the
circuit Hamiltonian for a generic non-dissipative circuit. We start with isolated circuits and later consider
the presence of interactions. The framework which we use is that of quantum network theory, which is the
quantum version of Lagrangian mechanics applied to electrical circuits [1, 24]. Following the standard
procedure we will first write the classical Hamiltonian and then quantise it by replacing the variables with
the corresponding operators. The reader who is familiar with these concepts may wish to skip to the next
section.

2.1. Isolated circuits
The first key assumption we make in order to apply quantum network theory is that the size of our qubit is
sufficiently small relative to microwave wavelengths, such that it is appropriate to use a lumped-element
description of the circuit [25]. Because the system is superconductive, this circuit will consist of nodes
connected by branches containing only non-dissipative elements, namely inductors, capacitors and
Josephson junctions. An example representing the equivalent circuit of an rf-SQUID flux qubit is shown in
figure 1. Then, without loss of generality, we can arbitrarily assign one of the circuit nodes to ground. (For a
floating qubit there will be a capacitor between the ground node and the rest of the circuit.)

At this point, in order to later take into account the effect of external magnetic fields, we need to choose
a spanning tree, i.e. a path of connected branches going from the ground node to every other node, without
generating loops. The specific choice of the spanning tree will not affect our final results [24]. A possible
choice of the spanning tree for the rf-SQUID flux qubit in figure 1 is highlighted in red. We will indicate the
set of branches in the spanning tree by 7 and the complementary set of closure branches by C. Every closure
branch is associated with an irreducible loop in the circuit, which is the smallest loop formed by that
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Figure 1. Equivalent lumped-element circuit of an rf-SQUID flux qubit [14]. One of the two possible choices of the spanning
tree is highlighted in red.

closure branch and by other branches in the spanning tree. For instance, in the flux qubit in figure 1 the
closure branch by, is associated with the single loop in the circuit [24].

Every state of our circuit is defined by specifying the instantaneous voltages at each of the nodes.
Alternatively, we can define, for every node j (excluding ground), a node flux variable ®;, representing the
integral over time of its voltage, i.e.

@j(t):/ Vi(t)dt'. (1)
0

The ground node acts as the voltage reference, so its associated voltage and flux are set to be identically
equal to 0 [24]. The node fluxes can be used, together with the voltages, to write down the circuit
Lagrangian £, ({®;}, {®;}), which in turn allows to define the variables canonically conjugate to the
node fluxes, i.e. the node charges [24]:

O (@} [O1]). 2)

Qj:@

For brevity we omit here the derivation of the system Lagrangian (which can be found, for instance, in [24])
and we simply report the final form we obtain for the circuit Hamiltonian,

He ({2:3,{Q1) =Y Qi®ilg —4,40,) — Lo { P}, {2i}). 3)
i=1

If we take care to define the spanning tree so as not to leave any inductive branch in the closure set C, this
takes a particularly simple and general form:

H. . = Hic + Hj, (4)

where

1N

Hic = EZ [(Cfl)ijQin + (Lil)ijq)i@j] (5)

ij=1

is its linear part, with N the number of circuit nodes, C and L are the (N x N) capacitance and inductance
matrices of the circuit, respectively, (see appendix A.1 for their definition) and where

N N o
Hy =Y Y Ep,-|1—cos qTO@b’f (6)
i=0 j=it1

is the Josephson energy component. Here Ej,; is the Josephson energy of the Josephson junction in the
branch b;; connecting nodes i and j (the index 0 refers to the ground node here) and
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appearing inside the expression are defined as

@, = o, — ;, t .1fb1] eT, o
P; — (I)j + bejx , lfb,] ecC,
where @£ is the external magnetic flux threading the irreducible loop associated with bj;.

Our definition of the branch fluxes includes the effect of external magnetic fields on the energy of the
system. Current and voltage biases, however, may also be applied to the circuit and each of them will
contribute with its own term to the Hamiltonian. In the case of current bias, this is applied through a
dangling inductive branch. Let a be the origin node of this branch, L, its inductance and I.y the bias
current; the corresponding Hamiltonian term is [24]:

(q)u - LaIext)2

AH&,m. - oL
a

(8)

In order to apply a voltage bias, a voltage source V is connected to the desired circuit node a through a gate
capacitor C,. The resulting effect on the Hamiltonian is to change the capacitance matrix C — C (to take
into account that the total capacitance attached to node a has increased by C,) and to introduce the
additional term [24]:

- 1 -
AHe.,m = Cng : Z (C 1)aiQi + E(C l)au(Cng)2~ (9)
i#a
Now that we have put together all the necessary Hamiltonian terms, we can finally obtain the quantum

.....

Hermitian operators. These will obey the canonical commutation relations [1]:
(&5 Qu| = indy (10)
2.2. Interacting circuits
Let us now consider a system of N superconducting circuits of the kind just considered which are
interacting with each other. The total electromagnetic Hamiltonian of the system will have the general form
H, . = Hy + Hin, where:
Hy=> H (11)

is the unperturbed part, with H; the Hamiltonian of the ith circuit, in the form of equation (4), and

N
Hine = Z Z Zaik)jzoikéjz (12)
i=1 j=i+1 k]

describes the interactions between pairs of different circuits. Here, {Oik} k=1,2,... is a set of operators (either
node or branch operators) acting on the ith circuit and the «;,_j’s are the interaction constants.

In practice the interactions can be electrostatic, mediated by the charge operators, and magnetostatic,
involving the flux operators. (In principle, there could also be additional interactions mediated by
Josephson junctions shared between two circuits, but, for simplicity, we will not consider these here.) The
electrostatic interaction is achieved by connecting the kth node of circuit i with the /th node of circuit j # i
with a coupling capacitor C;, ;. This has two effects on the system Hamiltonian: it rescales the inverse
capacitance matrices of the two circuits (known as capacitive loading),

GGl GG (13)
as shown explicitly in appendix A.2, and introduces the interaction term
aik)jloikojl = (C;ll)ik)leiijl’ (14)

where C,,! is a suitable inverse mutual capacitance matrix (see appendix A.2) [26].

The magnetostatic interactions are the result of the mutual inductive coupling between pairs of branches
belonging to two different circuits, say b; and b;,. The effect of this mutual inductance is again twofold: it
rescales the inverse inductance matrices of the circuits (inductive loading),
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L' =L, L’ —>fj*1, (15)

and introduces in the Hamiltonian the interaction term
S s s
@;,,j0;, O} = (M )tk,Jz(I)bik (I)bjl’ (16)

where (i)bi is the branch-flux operator associated with the branch b; (see appendix A.2 for the definitions of
Lfl, Lj’l and M) [26]. Notice that the uncoupled Hamiltonians {H,} in equation (11) are intended to be
corrected for capacitive and inductive loading.

3. Hamiltonian reduction methods

In this section we review some of the state-of-the-art numerical Hamiltonian reduction approaches and
successively introduce two novel protocols, one for single qubits (subsection 3.1) and one for multiple
interacting qubits (subsection 3.2). We also point out the key differences between the standard methods and
our new method and demonstrate how the latter improves the range of applicability of the reduction. The
standard reduction protocols described here will be used in numerical simulations (section 4) for a
comparison against the new protocols.

3.1. Single qubits
Let us begin by introducing a formal definition of the reduction process. In the case of one isolated qubit,
this amounts to finding an effective single-spin Hamiltonian, that is:

Definition 3.1 (Effective single-Qubit Hamiltonian). A Hermitian operator I:Iq acting on a Hilbert space
with dimension 2, whose spectrum matches the two lowest energy eigenstates (E, and E;) of the SC qubit
circuit Hamiltonian H, ..

Assuming that the SC qubit is at thermal equilibrium with an environment at temperature T, then, if
kg T is small compared to the transition energy to the second excited state, E, — Ey, the probability that this
state, or any further excited state, is occupied at any given time is exponentially small. In fact, in the absence
of any resonant drive term in the Hamiltonian, the higher excited states of the qubit circuit can only be
occupied as a result of environment-induced relaxation. The stationary probability that the system occupies
a state with energy E; at the end of this process is p; o« exp [(E,— — Ep)/ (kg T)] [27]. Under this hypothesis,
the dynamics of the qubit are effectively restricted to the eigenspace associated with the two lowest energy
eigenstates of the (potentially time-dependent) circuit Hamiltonian I:Ie,,m,(t) (i.e. the qubit subspace
Hq = Span{|Ey(t)), |Ei(¢))}) and can be described in terms of an (instantaneous) effective single qubit
Hamiltonian [16].

Let us now consider the spectral decomposition of the circuit Hamiltonian,

“+o0
He.m. = Eo|Eo)(Eo| + Er|E1)(Er| + > EilE)(Eil, (17)

=2

where we have sorted the energy eigenvalues in increasing order. By considering the definition of the qubit
Hamiltonian, we see immediately that a good candidate for H, is the restriction of H, ,,. to the qubit
subspace, that is:

Hy = PyH, , Py = Eo|Eo)(Eo| + Ei|E1)(Ei|, (18)

where Py = |Ey)(Eo| + |E1)(Ei| is the projector on .

This expression, however, is not particularly useful to describe the evolution of the qubit in a quantum
computation process. In fact, the computational basis used to encode the information on the quantum
computer does not correspond, in general, to the system energy eigenbasis. (Note that, in this basis, the
Hamiltonian is diagonal, and therefore classical [28].) It is therefore necessary to define the two
computational states and their relationship to the energy eigenstates [16].

The computational basis for a superconducting qubit is defined in terms of two eigenstates of an
observable which is used in practice to measure the qubit state. This operational definition distinguishes,
therefore, between the two main categories of SC qubit design. For circuits of the flux-qubit type (including
rf-SQUID qubits [29], three and four-Josephson-junction persistent current qubits [9, 30] and C-shunt flux
qubits [13]), the computational states are identified with two states with opposite and well-defined values of
persistent current in the qubit loop. For charge-qubit-type designs (including single Cooper-pair box qubits
[15] and transmons [12]), |0) and |1) are instead identified with states with a different number of Cooper
pairs on the superconducting island [4].
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3.1.1. Perturbative reduction (PR) method

The usual approach to identifying the computational basis states for theory and simulations, which is
extensively used in the literature (cf for example [13, 15, 17, 31]), is based on a series expansion of the
circuit Hamiltonian around a fixed value of one of its bias parameters (voltage or magnetic flux bias). For
clarity, let us consider the specific case of the rf-SQUID qubit, whose circuit is shown in figure 1. Following
the method introduced in section 2, we can write its circuit Hamiltonian (up to an additive constant)

as [14]:
P
2T (ao +fz>

where f, = ®,/® := &5} /D, is the magnetic flux applied externally to the rf-SQUID loop, in units of ®,.
When f, ~ 0.5, we can rewrite the previous equation as:

Qz (i,z

em(fz +——E; cos , (19)

em(ﬁ)—H0+6H——Hem(05)+6f e;lz(f)|fz_0<5’ (20)
where J0f, = f, — 0.5 and

Oflem (£) T T

S = Esin {@ (@ o )] = —@o = — o], (21)

with I the loop current operator, which will define our computational basis. Notice that we used Kirchhoff's
current law to go from the second to the third term in the last chain of equations [1].

At this point, we can invoke stationary perturbation theory to write the nth eigenstate of I:IE,,m,(fZ), up to
first order in df; as [32]:

(ER [OH|E)

— |E©®
|En) = |E,) + E;(10) _ Egg)

n

ED), (22)
m#n

where |[EQ) : Hy|E©) = EV|E©) is the nth eigenstate of Hy. As we can see, the various terms of the first
order correction |E,) — |E) scale with the inverse of the differences between the unperturbed energies.
Then, since for the rf-SQUID the spectrum of Hy = I:Ie,,m,(fz = 0.5) is largely anharmonic, i.e. E;O) > EEO)
the two lowest-energy perturbed eigenstates are approximately linear combinations of their unperturbed
counterparts only.

Since we are only interested in the two lowest eigenstates of the system (the qubit subspace), we can now
project equation (20) on |E\”) and |E\”) and use the fact that (E [T|E(”) = (E[T|E{”) = 0 (due to the
symmetry of the Hamiltonian under magnetic field inversion about the point f = f, = 0.5) to get:

E +E” EY — E

Hy(f.) ~ 5 o+ 0f,Pl,o, + — 2 o2 (23)

where o, and o, are two of the standard Pauli matrices, o is the 2 x 2 identity matrix and

I,:= (EVT|E®Y = (EQ[I/EY) > 0 (notice that we can always ensure these two conditions by multiplying
|E\”Y and |E\”) by appropriate phase factors). At this point we can diagonalise the current operator part of
the Hamiltonian simply by introducing the two following computational states:

Definition 3.2 (Computational basis states (perturbative)).

IE) + |E”)

\/E >

|1> _ |EE)O)> - ‘E§0)>
V2

Using the results above, it is trivial to show that these are actually eigenstates of I with opposite eigenvalues:
(0[110) = —(1|I|1) = I, [31]. In this basis, the effective Hamiltonian reads

0) =
(24)

0 | 5O (0) _ pl0)
+E EVY —E
H,(f,) ~ = 5 Lo -2 5 Lo, + 0f,®ol,0,. (25)

Notice that every single-qubit Hamiltonian can be written in the general form

Z hio i, (26)

i=1,x,,z
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where o1 = I, 0i—y,,. are the three standard Pauli matrices and the h;’s are real coefficients. In the
following we will call these Pauli coefficients, with specific reference to their values in the computational
basis.

Although equation (25) already contains the analytic expressions of the Pauli coefficients (which apply
to the rf-SQUID qubit), it is useful to consider the following equivalent derivation, which has a
straightforward extension to the interacting qubit case. Once we have found the computational states
according to (24), we can use the homomorphism between C? and qubit subspace (H, = Span{|0), [1)}) to
introduce the following four operators, which represent the action of the Pauli matrices on H,:

o1 = [0){0] + [1)(1], & = |0)(1] + [1)(0],

. , : . (27)
&y = —il0)(1] +4[1){0], 7. = [0)(0] — [1)(1].
Then, using the following property of the Pauli matrices,
Tr (0',- . O'j) = 20y, (28)
we find that:
1 1. . 1. X
h; = 3 Tr (Hq . O'i) = 5 Tr (Hq . O'i) = 5 Tr (He‘,m' . a,—) . (29)

Notice that here, both I:Ie,,m, and 07y, are conveniently expressed in whatever basis we initially choose for
He.,m.-

The perturbative reduction approach has a clear disadvantage: the effective Hamiltonian (25) reproduces
the two lowest energy levels of the full circuit Hamiltonian only in the limit in which the first order
perturbative expansion (22) holds. This entails two requirements. Firstly that the spectrum of the
unperturbed Hamiltonian (in other words, the circuit Hamiltonian at the point of the expansion) is highly
anharmonic, which is only true for some SC qubit designs and not for others (such as the
capacitively-shunted flux qubit and the transmon) [12, 13]. Secondly, the perturbation to the bias
parameter must be small, for instance |0f;| < 1 for the rf-SQUID qubit [17].

3.1.2. Instanton approach

A second common approach to the numerical calculation of the Pauli coefficients is the use of semi-classical
theory. In this case the quantum state of the system is approximated by one that minimises its semi-classical
potential, which is the part of the classical Hamiltonian depending on the coordinate variable (i.e. the flux
in a flux qubit and the charge in a charge qubit). At the operational point the semi-classical potential of
qubit circuits assumes a general double-well shape (or, more generally, that of a system of wells in more
than one dimension), with two local minima very close in energy, such that quantum tunnelling can occur
between them.

In this picture, the longitudinal Pauli coefficient h, is identified with the difference in energy between the
two potential minima, whereas the effective transverse field h, corresponds to the tunnelling energy. This is
calculated using the semi-classical instanton method (or equivalently the WKB approximation) [33]. These
calculations are only accurate in the limit in which the tunnelling action across the potential barrier is very
large, which implies that the tunnelling energy has to be exponentially small [34]. The instanton calculation
of the transverse field for the rf-SQUID qubit is described in detail in appendix A.4.

3.1.3. Local basis reduction (LR) method

In order to overcome the difficulties of the standard reduction approaches outlined above, we propose an
alternative reduction method which relies on a local definition of the computational basis, i.e. one that
explicitly depends on all of the circuit bias parameters. In other words, in this case the computational basis
states are built as a linear combination of the two local circuit low-energy states:

|0) = uoo|Eo) + to1|Er),

(30)
|1) = u10|Eo) + un|Es),

where I:L_,‘,m, |E;) = E;|E;) and I:L_,‘,m, is the local circuit Hamiltonian. In order for these two states to be
appropriately orthonormal, the u;’s have to be the elements of a unitary matrix,
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Upo Uio
U= , (31)
Upr  Un

which we will have to find. The unitarity condition ensures that when we transform from the energy

eigenbasis {|Ey), |E1)} to the local computational basis {|0),|1)} the spectrum of the effective qubit

Hamiltonian (18) is unchanged and the two lowest-energy levels of the circuit Hamiltonian are preserved.
Owing to the orthonormality of U columns, we can always rewrite U, up to an irrelevant global phase

e cos 6 €2 sin 0
U= ) (32)

—e "2g5in @ e ! cos O

multiplication factor, as:

where
6 = acos|ug| = acos|uyy|, (33)
1 M()()MTI + ua‘ouu

_ Hoothy T Moot ) 34
P e ( 2 cos*0 (34)

1 M()]MTO + Mglul()
= — — —_— . 35
o= {ﬂ acos ( [ (35)

so that 6 € [0, 7] and ¢4, @, € [0,7/2].

Now we consider again the operational definition of the computational states. This specifies that these
should be eigenstates of a certain observable O. For a flux qubit O = I, the current operator associated with
the qubit SC loop, whereas for a charge qubit O = Q represents the charge on the qubit SC island. One can
easily see that imposing this condition on the states (30) is equivalent to finding the two eigenstates of the
operator

0, = PyOPy = (Eo|O|Eo)|Eo)(Eo| + (Eo|O|E)|Eo)(Ei| + (Ei|O|Eo)|Ei)(Eo| + (E\|O|E))|[ED)(Ei|,  (36)

associated with a non-zero eigenvalue', that is

Definition 3.3 (Computational basis states (local)). |0) and |1) such that

0p[0) = uo|0), (37)
Opl1) = 1),

with ug # uy and |ug|, |u;| > 0.

Notice that this definition coincides with the one used in the perturbative method at the specific bias
point at which the Hamiltonian expansion is performed (for instance at f, = 0.5 in the the rf-SQUID qubit
case).

By identifying |Ey) with the vector (1,0) and |E,) with (0, 1), we can rewrite O, in the matrix form

0, = <<EO|OE0> <EOO|E1>> |

. . (38)
(E1|O[Ey)  (E:|O[Ey)

Finding the eigenvalues and the eigenvectors of this 2 x 2 matrix is straightforward. In particular, for the
eigenvalues, we have:

t+ V2 —4d

2
where t = Tr(O,) and d = det(O,). In accordance with the operational definitions given above, we need to
enforce one condition on these eigenvalues. For a flux-qubit type circuit, we need to have 11 < 0 < 1o,
which implies det(I,) < 0, or, more explicitly

Up,1 = > (39)

(Eo[T|Eo) (1 [T|Ey) < |(EolT|Ey)[*. (40)

! One can easily show that @P achieves its maximum rank of two as long as O|Ey) and O|E, ) are linearly independent.




10P Publishing

New J. Phys. 22 (2020) 053040 G Consani and P A Warburton

For a qubit of the charge type, instead, we will require u; = uy & 2e (up to some suitably small numerical
error). If this condition is not satisfied, then the circuit cannot be operated as a qubit with the desired
computational states and the reduction protocol fails. Note, however, that since we are not making use of a
perturbative expansion or a semi-classical approximation here, the range of applicability of this local
reduction method should be wider than that of the standard methods presented before.

If we now write the eigenvectors of Oy, as iy = (tgo, tio1) and iy = (110, 411), then equation (30) returns
our desired computational basis states, which make Op diagonal. Armed with i and 1/, we can easily
calculate the general expression of the effective qubit Hamiltonian in the computational basis. If we keep
working with 2 x 2 matrices, the qubit Hamiltonian in the energy eigenbasis (18) takes the obvious

diagonal form
E, 0
H, = . (41)
0 E

Going from this basis to the computational basis amounts to applying the unitary transformation U defined
above; this gives the effective qubit Hamiltonian in the computational basis as:

H,=UHU= L +
q q 2 Ujgtioo — Witor  |to]* — |uni|?

Ey+ E; Ey — E ( lugo|* — |uor|*  wotiro — ué]“ll)
2 2

Ey+ E; Ey, — E; cos 260 e ¥ sin26
= I, +

2 2 e¥sin20  —cos26
Ey+E Ey—E, ;. .
S 5 1]12 + 22 5 ! [sm 20 - (cos o, + sin po,) + cos 290'2] , (42)

where [, is the 2 x 2 identity matrix and ¢ = ¢ — ¢, € [—7/2,7/2].

We observe that, by rescaling the computational states i, and i, by two phase factors, say e/ and e/1,
i.e. by applying some local gauge transformation in the qubit subspace, we can always remove the imaginary
component h,o, of Hy. In fact such a gauge transformation G(¢y, ¢) corresponds to a spin rotation
around the z axis, multiplied by a global phase:

. —d1

i¢0 5 5 11— 5 5 b —b

e 0 j0ter (e 2 0 j0to1 G091

G(¢O) ¢l) = ( 0 eio1> =e 0 _i%0-91 =¢ ce 2 £ (43)
e 2

Hence G(—1, —¢,), which represents a rotation around z by the angle ¢, — ¢, = —¢ (followed by a
rescaling by e~ #(#11¢2)/2) transforms cos po, + sin oy, into o, and makes the effective qubit
Hamiltonian real, that is:

Ey+E A €
q = 02 1112_70-36_50-2) (44)
where A = (E; — Ej) sin 26 and € = (E; — Ey) cos 2 6. Notice that this gauge transformation can
equivalently be written as:

- |M00| -
Uy — —— -+ U,
Uoo (45)
i — M .
Uio
Expression (44) for the effective qubit Hamiltonian, is the one adopted by most of the literature on SC
qubits [17, 25, 35]. (Note that the coefficient A is usually further assumed to be positive, a condition which
can also always be achieved with a 7 rotation about z.)

An equivalent and more convenient way of calculating the four Pauli coefficients h;, i = I, x, y, z than
using equations (33), (42) and (26) together is again to use the computational states to build the Pauli
operators and then to apply equation (29).

In section 4 we will present numerical simulations which benchmark the performance of the local
reduction method against the standard methods and demonstrate the increased accuracy of the former

relative to the latter ones.

3.2. Multiple qubits

Let us now consider the Hamiltonian reduction process in the case of multiple interacting superconducting
qubits. Given a system of N qubits and M additional coupling circuits, coupled inductively and/or
capacitively, its effective qubit Hamiltonian is one that reproduces the lowest 2V energy levels of the total
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system Hamiltonian, as well as the expectation values of the qubit operators. Notice that any such
Hamiltonian can be written in the general form

Hq = Z h,yo‘,y, (46)
7

where 7= (n1,..., ), mi € {Lx,y,ztand oy = 0 @ - - @ 0 is a 2V x 2V matrix in the Pauli group
Gy Recalling the equality (28) and using the following property of the trace

Tr(A; ® - - - @ Ay) = Tr(A;) X - - - x Tr(An), (47)

we can see that the real Pauli coefficients hj; obey the equation

1
h,7 = 27N Tr (Hq . 0'77) . (48)

According to section 2.2, the circuit Hamiltonian of the system can be written as
N M
Hepn = Ho+ Hine = Y Hi+ Y Hej+ Hin, (49)
i=1 i=1

with H; (I:IC),-) the unperturbed Hamiltonian of the ith qubit (coupler) circuit and where Hi.. includes all the
interaction terms. Notice that the unperturbed Hamiltonians are assumed to be corrected for capacitive and
inductive loading (cf section 2.2). Now we can define the qubit subspace, in analogy with the single-qubit
case, to be the one spanned by the lowest two eigenstates the unperturbed Hamiltonian of each qubit. Since
the couplers are designed to be classical elements which always remain in their ground state, while
adiabatically following the qubits, the qubit subspace will at the same time be the one spanned by the
ground state of each coupler circuit Hamiltonian [36]. We therefore have, in symbolic form:

N M
Hy = _®1 Span{|Eip), |Ei1)} ® _®1 Span{|Ego)}, (50)
i= =

where |E;;) (|E;)) is the jth eigenstate of H; (H.)).

One could then think of defining the qubit Hamiltonian for this N-qubit system simply as in
equation (18): I:Iq =Dy I:L_,‘,m, . Py, where again Py is the projector on H,. This operator I:Iq, however, does
not have the correct spectrum, matching the lowest 2N energy levels of I:Ie,,m‘, and therefore does not satisfy
our initial definition of qubit Hamiltonian. The reason for this is that the interaction described by H,,
mixes the states in H, with those outside it, i.e. the higher excited states of the individual circuits. Such
mixed states become the new low-energy eigenstates of I:Ie,,m, [18, 23].

Contrary to the single-qubit case, the literature concerning Hamiltonian reduction for multiple
interacting SC qubits is relatively scarce. In the following subsections we present two protocols adopted in
recent publications and later present a new alternative reduction method, which overcomes some of their
limitations and explicitly addresses the problem of the mixing of the qubit subspace with the rest of the
Hilbert space by using the Schrieffer— Wolff transformation theory [23].

3.2.1. Approximate rotation method
In this subsection we briefly review the reduction method outlined in a recent work by Ozfidan er al [18].
This method starts by writing the low-energy part of the total circuit Hamiltonian I:Ie‘,m,, i.e. the component
associated with its lowest 2V eigenvalues, in its diagonal form: H; = diag(Ey, . .., E;n_;). Then a sequence
of two rotations, say R, R, € SO(2N), is applied to it, producing the effective qubit Hamiltonian
H, =R] RITH;RIRZ. Since orthogonal operations do not change the spectrum of an operator, this protocol
guarantees by construction that the spectrum of H, matches the low-energy spectrum of the circuit
Hamiltonian.

The first rotation applied in this protocol, Ry, maps from the low-energy eigenbasis of the total

Hamiltonian H,_,,, {|E), ..., |E;v_;)} to that of the unperturbed Hamiltonian Hy, i.e.
{E™, ..., \Eg?@_&}, and is initially calculated as
(R); = (E|E”). (51)

However, as we pointed out before, |E;) also has components outside of the subspace
Span{E"),..., \Eg?@_&}, which implies that this matrix is not orthogonal. R; must therefore be explicitly
orthonormalised, for instance using the Gram—Schmidt procedure. This step is only justified if the columns
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of R, are already approximately orthonormal [18]. Since in our case orthogonality follows from
normalisation, it suffices to check that

N1

Y R)FxLY=0,...,2" -1, (52)

i=0

before we apply the Gram—Schmidt procedure.

To obtain the qubit Hamiltonian we now need the second rotation R, to map from the basis of the

energy eigenstates [E\), ... to the computational basis. We then take

(Ry); = (il E"), (53)
where |i) = |i;n_;) ® - -+ ® |ip) is an outer product of single qubit computational states, with
i,N_1iN_y - - - ipig the N-digit binary representation of the integer i € {0, 1,..., 2N — 1}. These
computational states are found from the reduction of the unperturbed single-qubit Hamiltonians. If the
local reduction method is used for this, the rotation matrix R, is guaranteed to be orthogonal.

Note that, although the effective Hamiltonian calculated with this method has the correct spectrum, the
procedure is based on the approximate equality (52), which is not often satisfied, particularly in the case of
relatively large interactions. (This can be seen by considering, once again, the perturbative expansion (22).)
Additionally, the previous derivation implicitly assumes that the circuit Hamiltonian is real, so that all the
eigenstates and computational states can be chosen to have only real components. This ensures that
R, R; € SO(2V). Some circuits, however, may have an efficient matrix representation of the Hamiltonian
which is complex. In this case the definition of the two rotations would lead to the presence of arbitrary
complex phases in their elements, which would need to be somehow taken care of. (Notice that even in the
real case the scalar products defining the elements of R; and R, are only defined up to an arbitrary
sign.)

3.2.2. Diagonal Hamiltonian method

A second method of determining the effective Hamiltonian of a multi-qubit system is presented in a recent
work by Melanson et al [37]. This method works under the more restrictive assumption that the effective
Hamiltonian is diagonal in the computational basis. In this case the lowest 2V eigenstates of the circuit are
also eigenstates of the single-qubit operators O; specifying the computational basis and the corresponding
eigenvalues can be calculated numerically as the expectation values (E,|O;|E,). Additionally the 2V
non-zero Pauli coefficients of the system can be expressed as a linear combination of its low-energy
eigenvalues [37]. For instance, in the two-qubit case one has:

Eyo 1 1 1 hir hir
En|l (1 1 -1 =1 [m]| ha
Eo| |1 -1 1 1| || TM ) (54)
Eyy 1 -1 -1 1 h,, h,,

where Ejj, i,j € {0, 1} is the eigenvalue of the circuit Hamiltonian corresponding to the computational state
|i)]j). We can therefore determine the Pauli coefficients of the two-qubit system by finding the lowest four
energy eigenvalues of its circuit Hamiltonian, calculating the expectation value of the operators O; , on the
each eigenstate to identify its corresponding computational state and by inverting the previous equation to
get

hur Ey
har 1 | En
—M'. (55)
hy. Eio
hzz E 11

The same procedure can be applied to systems with three or more qubits (plus eventual additional
couplers).

In practice, an effective Hamiltonian diagonal in the computational basis is verified when the qubit
tunnelling barriers are high (negligible transverse field h,) and the qubits are coupled only through their z
degree of freedom (that is when the coupling is inductive between flux qubits or capacitive between charge
qubits). A Hamiltonian of this form is however classical and cannot be sufficient for universal quantum
computation [28]. This method can nevertheless still be useful when it is reasonable to assume that the
different non-commuting terms of the qubit Hamiltonian can be turned on and off independently.

11
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3.2.3. Schrieffer—Wolff transformation method

In this final subsection we introduce a new reduction protocol for multi-qubit systems which overcomes
some of the limitations of the methods described above. In particular, this method does not require the
mixing between the qubit subspace (equation (50)) and its complement, resulting from the interactions, to
be negligible, which is a crucial assumption of the approximate rotation reduction. Secondly, unlike the
approximate rotation reduction, it can be applied directly to circuit Hamiltonians with complex elements,
since the arbitrary phase choices made when numerically evaluating the Hamiltonian eigenvectors cancel
out in all the necessary expressions. Thirdly, the reduction method introduced here can be applied to find
arbitrary non-diagonal effective Hamiltonians. This is all made possible by the Schrieffer— Wolff
transformation (SWT), which by construction maps the total circuit Hamiltonian I:Ie,,m, to a new Hermitian
operator acting on the qubit subspace H, and whose spectrum matches the low-energy spectrum of H, s
which is precisely what we expect from the effective qubit Hamiltonian [23].

The SWT relies on a single assumption regarding the form of the full system Hamiltonian, namely that
the spectrum of the unperturbed part of the Hamiltonian (excluding the interactions) has a sufficiently
large gap, as we will see below. For the purpose of this reduction method, we will replace this assumption
with an equivalent pair of two distinct conditions. In order to state the first one, let us rewrite the
unperturbed part of the N-qubit M-coupler system Hamiltonian (49) as

Hy = PoHoPy + QoHoQo, (56)
where
N1
Py =Y [EONEP| (57)

is the projector on the low-energy eigenspace Hl(g&, spanned by the eigenstates corresponding to the lowest
2N eigenvalues of Hy, and Q) = I — Py projects on the complementary subspace 7—[\7—[1(2&, Notice that, given

EEO), the i:ch eig?nvalue of Hy, the spectrum of PyH, P, is by definition Sl((?v)v = {E(()O), E(IO), R Egi;,l})
whereas QyHpQy has the set of eigenvalues Slf‘?g)h = {E;?\f, ... }. The first assumption of our reduction is that

Hy= 7—[1(2‘1,, i.e. that no additional excited state of the independent circuits is mixed in the low energy

subspace of Hy, and that the two sets Sl((?v)v and Sﬁ?g)h are separated by at least A > 0, that is

B9~ B9

~_,| = A. This composite condition can be written, more explicitly, in the following form:

N
AE, — Y AE| > A, Vi=1,...,N
=1
(58)

N
AEqi— Y AE| >AVi=1,..., M,
=1

where we have introduced the notation AE;; = E;; — E;y and AE;; = E;; — Eo (with Ej; (E;) again the
jth eigenstate of the ith qubit (coupler) unperturbed Hamiltonian). Since the summations above grow
linearly with the number of qubits in the system, this condition limits the size of the systems to which we
can apply our reduction method. Intuitively this limit reflects the impossibility of finding any coherent
description of the low-energy spectrum of a composite system in terms of interacting two-level subsystems,
whenever the second excited state of one of these subsystems appears in the spectrum. Therefore if we are
interested in characterising a very large circuit, we should first subdivide it into smaller connected
subsystems for which the inequalities (58) hold.

The second requirement is simply that the strength of the interaction Hamiltonian should be small
compared to the spectral gap of Hy, A. Namely:

A

||I:Iint||op < = (59)
2

where || - [|op is the operator norm:

10llop = sup{ O[T} : || ¥)]| = 1}, (60)

with || - || the two-norm /(- | -).
Since the addition of the interaction term Hjp can shift the eigenvalues of Hy by at most ||Hix|[op» this
second inequality implies that the spectrum of H, ,, remains gapped. This in turn allows us to rewrite the

12
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total Hamiltonian in the block-diagonal form I:Ie,,m, = AI:IE,,mP + QI:Ie,,m,Q, where P is the projector on the
2N_dimensional low-energy eigenspace of I:Ie,,m,, Hiow, and Q = 1 — P [23].

Additionally, according to [23], since Hjow and H, have the same dimension, they are connected by a
direct rotation U such that

UPU' = P,

0QU! = Q. o

U is called the Schrieffer—Wolff transformation and can be written, in terms of the projectors, as [23]:

U=1/(2P, — (2P —1). (62)

The principal square root /- above is well-defined as long as
1P = Pollop < 1, (63)

which in our case can be shown to be equivalent to (59) [23].
Now the action of the SWT on I:Ie,,m, is given by

UHE.,m.UT — (JPHe,mPUvJr + UQHe,mQUT

o o o . (64)
= PyUH,;n.U'Py + QoUH,..n. U’ Qu,
where we used the identities UP = PyU and UQ = Q,U. According to equation (64), lA]I:Ie,,m‘ U is
block-diagonal with respect to Py and Qp. This finally leads us to the conclusion that
H,:=P,UH, ,, U'P, (65)

is an Hermitian operator, acting on #,, whose 2N non-zero eigenvalues are the same as the lowest
eigenvalues of the original interacting Hamiltonian H, ,, (because the unitary U leaves the spectrum of
PH, ,, P unchanged) [23]. H, therefore represents our effective qubit Hamiltonian, from which we can
directly extract the Pauli coefficients by rewriting equation (48) as
1 A

hy= o5 Tr (Hy-67) . (66)
In this case, the Pauli operator 6 = ¢, @ - - - ® &, ® P, is built from the single-qubit Pauli operators
{6}, which, in turn, are obtained as in the single-qubit case, starting from the unperturbed Hamiltonian
H; of each qubit and the appropriate operator O,,;. The operator

~ M
Pc - ‘®1 |Eci,0><Eci,0| (67)
i=

represents the required identities acting on each of the ground-state energy subspaces of the coupler
circuits.

Finally note that since both the approximate rotation reduction and the SWT reduction method
determine an effective qubit Hamiltonian with the correct spectrum, the two results must be equivalent up
to a unitary transformation. However, as mentioned before, the SWT reduction extends the range of
applicability of the method to Hamiltonians with complex elements and does not involve the restrictive
assumption (52).

4. Numerical results

In this section we present some numerical examples of Hamiltonian reduction for different SC qubit
designs and interacting systems. For concreteness, we will focus on qubits of the flux-type ([9, 13, 29, 30])
and we will consider circuits and physical parameters from works in the recent literature.

For these simulations the circuit Hamiltonians and all other circuit operators were represented in matrix
form by projection on a truncated orthonormal basis. The approximate Krylov—Schur method,
implemented by the MATLAB © function eigs [38], was used to determine the relevant subsets of the
operator eigenvalue—eigenvector pairs. This approach can be much faster than the complete diagonalisation
of the operator, especially when it is very large and sparse, as is usually true for SC qubit Hamiltonians [39].
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Figure2. Low energy spectrum of the rf-SQUID flux qubit, as a function of the normalised magnetic flux f, applied to the
superconducting loop.

4.1. Single qubits

4.1.1. rf-SQUID flux qubit

We start by considering the simplest example of a flux qubit, i.e. the rf-SQUID circuit. As shown in figure 1,
this consists of a Josephson junction, with tunnelling energy Ej, shunted by a superconducting inductive
loop with self-inductance L and in parallel with its intrinsic capacitance C; [4].

Figure 2 shows the lowest five energy eigenvalues of the circuit, calculated as a function of the
dimensionless external magnetic flux f, = ®,/®, = ®}'/P¢. (Note that the constant offset Ey(f, = 0.49)
has been subtracted from all the energies.) The parameters used for the simulations are E; = 125 GHz,

C; = 5fF and L = 2.5 nH, which are typical for this type of device [14]. In this case, the Hamiltonian was
represented in a basis of harmonic oscillator occupation number states, truncated at a maximum
occupation number of 40, which ensured the convergence of the low energy spectrum (cf appendix A.3)
[40].

As we can see from the graph in figure 2, the lowest two energy levels of the system (i.e. the qubit states),
vary approximately linearly with the flux f;, except around the symmetry point f, = 0.5, where they show a
characteristic avoided crossing. In fact, as we saw previously, for small values of |df,| = |f, — 0.5] the
rf-SQUID Hamiltonian is well approximated by its first order expansion in df,. This maps to an effective
qubit Hamiltonian of the form (see equation (25))

e(f2)

o 68
5 C (68)

A
Hq(fz) = ?o-x +

where we have neglected the term proportional to the identity, A = (E;(f.) — Eo(f.)),—0.5 and
e(f.) = 2®oI,6f.. The lowest two energy levels of the circuit are therefore approximately
E,, = const. F \/A2/4 (A%/4) + ¢>31}3|5f2|2, which become linear in f, for larger values of |df,|.

Figure 3(a) shows the values of the system Pauli coefficients as a function of f;, calculated using
equation (29). The solid lines correspond to values obtained by defining the Pauli operators according to
the local reduction (LR) method introduced here (subsection 3.1.3). These are compared with the result of
the perturbative (PR, empty circles) and instanton (crosses) methods. As we can see, the three reduction
methods produce largely compatible results for this circuit. In particular, away from the symmetry point the
LR method finds a 10% increase in the transverse field h, at the boundary of the flux interval considered,
compared to its centre. The result of PR is instead independent of f,, in agreement with equation (25). The
values of h, and h; calculated with the LR and PR methods are compatible to 1% over the whole flux bias
range. This implies that the definition of the computational basis in the LR method coincides, as it should,
with that of the standard PR method in the limit in which the series expansion (20) and perturbation
theory apply. As for the semi-classical calculations, these appear to over-estimate both the longitudinal field
(by =~ 40%) and the transverse field (by up to 6%), compared to the other two reduction methods.

Since the semi-classical approximation applies in the limit where A is much smaller than the actions at
play in the system, i.e. S > h, and since the tunnelling energy h, decreases exponentially with the tunnelling
action, h, o< e=5/" (see appendix A.4), we expect the result of the instanton calculations to be more accurate
in the limit where h, is small [33, 34]. To verify this, we determined the qubit transverse field in the case of
biasing at the symmetry point f, = 0.5 for increasing values of the loop inductance L. As we can see in
figure 3(b), increasing L causes the barrier between the two semi-classical potential wells (blue line) to rise,
therefore suppressing the tunnelling h, (data in red). Since f, = 0.5, the perturbative and local reduction
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Figure 3. Numerical results for the rf-SQUID circuit of figure 1. (a) Pauli coefficients as a function of the reduced magnetic flux
bias f;. Lines: local reduction, empty dots: perturbative reduction, crosses: instanton method. (b) Tunnelling energies (left y-axis)
at the symmetric bias point f, = 0.5 and the corresponding semi-classical potential barrier height (right y-axis), as a function of
the qubit loop inductance. (c) Comparison of the two lowest circuit levels, as a function of f;, with the result of different reduced
two-level system models. At this scale the LR and PR results overlap. (d) Pauli coefficients calculated with LR over a broader
range of f, (left y-axis). Also shown are the lowest three eigenenergies of the system (dashed lines, values on the right y-axis).

methods coincide, and they both determine the correct value of the tunnelling energy: h, = —AE/2, where
AE is the energy separation between the ground and first excited state of the circuit (cf dots and solid line
in figure 2). As expected, the instanton method result (crosses in figure 2) closely approaches that of the
Hamiltonian reduction only as L increases and |h,| becomes smaller.

At this point, as a consistency check, we can calculate the spectrum of the reduced qubit Hamiltonian

simply as Eo,; = hy F |/ hi + hj + h and compare it with that obtained from the full circuit model. PR and
LR do a good job in reproducing the low-energy spectrum of the rf-SQUID qubit, as we can see from the
plot in figure 3(c). This also shows the spectrum derived from the semi-classical model (crosses), which
does not agree with the correct circuit spectrum as well.

Notice that LR is guaranteed to exactly reproduce the circuit levels as long as f, >~ 0.5. As mentioned in
the previous section, the LR protocol only fails when, as |f, — 0.5] increases, the two eigenvalues of
L(f.) = Py(£,)IPy(f.) begin to have the same sign, meaning that no measurement distinguishing two qubit
states with opposite persistent current is possible at the given bias. For the particular rf-SQUID circuit
considered here, the local reduction method breaks down for |f, — 0.5 = 0.035, as shown in figure 3(d)
(region shaded in red). As we can see in this plot, as we approach this region the behaviour of the Pauli
coefficients starts changing. In particular the transverse field increases considerably in magnitude, while the
longitudinal field saturates. The green dotted lines in figure 3(d) show the circuit energy levels. We see that
at the boundary of the unshaded region the second excited state starts mixing with the first, leading to an
avoided crossing. This mixing means that, at this point, the two-level approximation does not hold any
more, which leads to the failure of the LR.

Finally we might want to consider how well the reduced Hamiltonians are able to reproduce the correct
expectation values of some circuit operator O, i.e. whether the following relationship holds

(E|OIE;) = (€0,/E), Vinj € {0, 1}, (69)

where {|E;) }i—o,1 are energy eigenstates of I:Ie,,m, and {|&;) }i=o,1 are the eigenstates of the corresponding
effective qubit Hamiltonian. O, is defined locally as Py(f,)OPy(f.) (where Py(f;) is the projector on the
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Figure 4. Expectation values of the current operator between the two rf-SQUID qubit eigenstates, as a function of f,. Lines:
circuit model, filled dots: LR, empty dots: PR.
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Figure 5. Equivalent lumped-element circuit of a capacitively-shunted flux qubit (as described in reference [13]). A possible
choice of the spanning tree is highlighted in red.

two-dimensional low-energy subspace of H,_,, (f,)) in the LR method case, and is defined globally as
Py(0.5)OP(0.5) in the PR case. Figure 4 shows the matrix elements of the loop current operator I between
qubit states, calculated with both the full and the reduced operators. We observe that LR is ensured to give
the exact result, while PR produces a reasonable result.

We have shown here that the approximations inherent in the perturbative reduction method are valid
and sufficient for for determining the reduced Hamiltonian in the case of the simple rf-SQUID qubit of
figure 1. We will see in the next subsection, however, that this is not true in the general case and that the
local reduction method has a wider range of validity.

4.1.2. C-shunt flux qubit
The accuracy of the perturbative reduction method deteriorates when we consider other flux qubit designs,
particularly those with reduced anharmonicity like the capacitively-shunted flux qubit shown in figure 5.
This consists of a superconducting loop interrupted by three Josephson junctions. The area of one junction
is a factor o < 1 smaller than that of the other two and is shunted by a relatively large capacitor Cy, > Cyr.
The capacitive shunt reduces the qubit sensitivity to charge noise, while improving the device
reproducibility (by compensating for the fabrication variability of the junction size, which affects Cyr). At
the same time, the effect of flux noise is mitigated by choosing small values of « (typically
0.125 < a < 0.5), which reduce the magnitude of the persistent current and therefore the magnetic dipole
moment of the circuit [13]. The result is superconducting qubits with typical measured relaxation times T}
in excess of 40 ms (three orders of magnitude longer than the standard rf-SQUID T}) and decoherence
times approaching the relaxation limit 7, = 27, [13].

This substantial coherence enhancement comes at the cost of a decrease in the spectrum anharmonicity.
We can see this by looking at figure 6(a), which shows the calculated low energy spectrum of a C-shunt
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Figure 6. Numerical results for the C-shunt flux circuit. (a) Low energy spectrum of the circuit as a function of the reduced
magnetic flux bias f,. (b) Pauli coefficients as a function of f,. Lines: local reduction, empty dots: perturbative reduction. (c)
Comparison of the two lowest circuit levels, as a function of f;, with those of the PR and LR qubit Hamiltonians. (d) Expectation
values of the current operator between the two qubit energy eigenstates as a function of f,. Lines: circuit model, filled dots: LR,
empty dots: PR.

Table 1. Physical parameters of the
capacitively-shunted flux qubit used for the
simulations in figure 6.

Parameter Value
Epr 45 GHz
C]T 1.8 fF
« 0.43
Cen 50 fF
L 100 pH

qubit circuit as a function of f, = ®,/®, = PS5}/ D, and comparing it with figure 2. The physical
parameters used for the simulation are shown in table 1 (cf figure 5 for the meaning of the symbols). For
the two lower junctions we used Ej; = Ejr = Ejr/« and Cjp = Cjr = Cyr /. These parameters are
compatible with those reported in the experiments in reference [13].In this case, the Hamiltonian was
represented numerically by projecting on a finite basis consisting of harmonic oscillator states for the mode
associated with the circuit node 1 and charge number states for the modes associated with nodes 2 and 3 (cf
appendix A.3) [35, 40, 41].

As we can see from figure 6(a), the two dispersion relations Ey; (f;) have first derivatives with the same
sign everywhere. Since

5 L 81:1@.,"1. ~ 8EO,I
<I>0,1 - _< a@z > — a@z 5 (70)

this means that the average persistent currents in the two energy eigenstates have equal sign (cf figure 6(d)).
This is in contrast with the rf-SQUID flux qubit [13], but does not preclude the possibility to find two
current eigenstates with opposite sign in the qubit subspace.

Figure 6(b) shows the Pauli coefficients obtained by the perturbative (circles) and local (lines) reduction
methods. As anticipated, there is a clear discrepancy between the two results. In fact, owing to the much
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Figure 7. Circuit diagram of the system of two interacting qubits studied in [18]. Highlighted in different colours are the
coupling elements and the magnetic bias fluxes.

smaller anharmonicity of this circuit compared to the rf-SQUID, the two low-energy eigenstates of the
circuit Hamiltonian at f, = 0.5 are not a good approximation for those away from f, = 0.5. This implies
that projecting I:Ie,,m,( f.) on the states (24) does not preserve its low-energy spectrum and does not lead to
the correct reduction. From the numerical results we see that the slope of h,(f,) in the local reduction case
is smaller than in the perturbative reduction and further decreases away from f, = 0.5. Additionally, the
transverse field h,(f,) shows a clear negative curvature in the LR results, whereas it is roughly constant in f,
in the PR case (as in the rf-SQUID). The strong dependence of the transverse field on f, is a known
distinguishing feature of the C-shunt flux qubit design when compared to more standard flux qubit circuits
like the rf-SQUID [9, 13].

Calculating the spectra of the two reduced Hamiltonians leads to the result shown in figure 6(c). The
local reduction result (filled dots) again reproduces the circuit ground and first excited states (lines) exactly,
while the perturbative reduction fails to accurately predict the first excited state. Finally figure 6(d) shows
the matrix elements of the current operator between the qubit energy eigenstates, calculated using the full
circuit model (lines) and the two reduced two-level models (circles). The PR (empty circles) gives incorrect
expectation values, which are opposite in sign for the two states.

4.2. Multiple qubits

4.2.1. ZZ plus XX coupling

We begin this subsection on coupled SC qubit systems by considering a simple two-qubit system, without
any non-linear coupling element. As one such example we consider the system which Ozfidan et al
characterised experimentally in [18]. This is composed of two compound-Josephson-junction rf-SQUID
qubits (where the single Josephson junction is replaced by two junctions in parallel, forming a dc-SQUID)
coupled both inductively and capacitively, as shown in figure 7. Assuming that the dc-SQUID loop is very
small (such that its inductance is much smaller than both the main loop inductance and the Josephson
inductance (®,/27)%/E;), we can effectively describe it as a single junction whose Josephson energy
depends on the flux ®, threading the dc-SQUID [42]:

E]((I)x) = E]() CoS (’/T%> . (71)
)

Ejo = Ejo,1 + Ejo,, here is the sum of the energies of the two junctions in parallel, which we are assuming to
be equal.
Within this approximation, the Hamiltonian describing our circuit is:

I:I&,m. :ZH1+ AC"’UM:Z

i=1 i=1

Q@ P2 P, — D,
= + < —Ei(®yi)cos | 2m———
2G| 2L 7( i) D,

CQ1Q, M, ®,®,
GG+ (C+G)Ch  Lil, — M,

, (72)

where Cy2) = Ci2) + C1aCo1/(Cory + Cr2) and Lya) = Lia) — M2 /Loy [18].

Using the physical parameters given in reference [18], i.e. Cj, = 132 fF and those in table 2, and
calculating the lowest four eigenvalues of our Hamiltonian for different values of mutual inductance in the
range —2pH < M,, < 2pH, we obtained the graph shown in figure 8(a). This graph matches well with the
corresponding one present in figure 3(c) of reference [18]. The avoided level-crossing at My, ~ 0.7 pH is
proportional to the capacitive coupling C;, and only occurs at finite longitudinal fields, i.e. ®,; # 0 [18].
(Notice that when —1 < ®,;/ P, < 0, the effective Josephson energy E; ;(®D,;) is negative and the symmetry
point where h, = 0 is displaced from ®,; = ®,/2 to ®,; = 0 [42]).
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Table 2. Physical parameters of the two-coupled-qubit system
used for the simulations in figures 8 and 9.

Qubit  Ejp; (GHz) G (fF) Li (pH) Qui/®0 P2/ P0

Q1 1.603-10*> 119.5 231.9 —0.6538 1-107*
Q2 1.568 - 10°  116.4 239 —0.6526 1-10°*
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Figure 8. (a) Low energy circuit spectrum, relative to the ground state, of the circuit in figure 7, as a function of the mutual
inductance M ;. (b) One-local Pauli coefficients calculated, as a function of M12, by applying the Schrieffer—Wolff
transformation reduction method to the full (solid lines) and the unperturbed Hamiltonian (dashed lines) of the circuit in
figure 7 (notice that the solid and dashed lines for h,; and hy, all overlap at this scale). Circles: same coefficients, calculated using
the approximate rotation reduction of [18].

It is worth noting that, in order to efficiently represent a composite circuit Hamiltonian like (72) we
cannot retain the representation of the circuit operators that we used for single circuits. In that case, the size
of the total Hamiltonian matrix would equal the product of the sizes of all the individual circuit
Hamiltonians, and would rapidly become unmanageable. Since we are, once again, only interested in the
low-energy properties of the system, a good alternative basis choice is that of the outer products of some
small number N; of low-energy eigenstates of each unperturbed (i.e. non-interacting) circuit Hamiltonian
H; / I:Im-. In this case, for example, we can write:

Ni—1Np—1
Hom 2 Y > (EyiEag|He m |EyjE2) | EyiEok) (EyiEail, (73)
ij=0 k,]=0

with the meanings of the symbols introduced before. To ensure the convergence of our results, we first used
40 harmonic oscillator number states to represent the single qubit Hamiltonians and then projected onto
their N; = N, = 10 lowest-energy eigenstates.

Now that we have determined the low energy spectrum of the system, we can apply some reduction
method to calculate the effective qubit Hamiltonian. We begin with the Schrieffer—Wolff transformation
method, introduced in section 3.2.3. After verifying that the hypotheses of its construction are satisfied, in
particular observing that ||P — Py||,, < 0.5 in the whole range of M, we extracted the Pauli coefficients.
These were calculated by defining the computational states and the Pauli operators locally for each qubit
and then projecting the effective qubit Hamiltonian on them, as shown in section 3.2.3. The six one-local
coefficients are shown in figure 8(b) by solid lines. (We do not consider the coefficient hy; = Tr(I:Iq) here
since we are focussing on relative energies.) The dashed lines represent the same coefficients obtained by
applying the SWT reduction to the non-interacting part of the circuit Hamiltonian, i.e. to the sum of the
Hamiltonians of the isolated qubits (corrected for the static inductive and capacitive loading). Since for h,;
and hy, the solid and the dashed lines overlap, the values of the longitudinal fields of the coupled system are
completely determined by the static loading of the unperturbed Hamiltonians. This effect appears
approximately linear in Mj,. The values of the transverse fields for the coupled system, instead, are ~ 25%
lower in magnitude than those resulting from the loaded single-qubit Hamiltonians. The interaction with
the other qubit, then, has an additional effect, which we call dynamic loading. The change in transverse field
appears approximately quadratic in M, and is not centred around M;, = 0 due to the presence of the
capacitive coupling (as we verified by comparing against the case C;, = 0). As usual, the components of the
local field along the y direction have been removed by making the appropriate local gauge transformation.
(Actually, the circuit Hamiltonian in this case is completely real, so that no imaginary terms can appear in
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Figure 9. (a) Two-local Pauli coefficients calculated, as a function of M, using the SWT method (lines) and approximate
rotation method (circles). Note that the purple line lies at at zero and overlaps with the green one. (b) One and two-local Pauli
coefficients determined with the approximate rotation method, after the application of the local rotation removing XZ and ZX
terms (circles), compared against the ones calculated with the SWT method (solid lines). Note that the local Pauli coefficients for
the two qubits overlap almost completely at this scale.

the reduced Hamiltonian; the gauge transformation only ensures that the signs of different coefficients are
consistent across the range of M;,.)

The empty circles in figure 8(b) are the one-local Pauli coefficients determined with the approximate
rotation method, introduced in [18] and reviewed in section 3.2.1. Comparing with the previous results, we
can see that we obtain qualitatively similar, but quantitatively different results. In particular the values for
the transverse fields are close to those obtained with the SWT reduction, while the new longitudinal fields
are everywhere smaller in magnitude, and, in this case, do not agree with their unperturbed values (dashed
lines).

Figure 9(a) shows the coefficients of the nine effective qubit Hamiltonian two-local terms. According to
the reduction based on the SWT (lines), the only non-negligible terms in the Hamiltonian are those
proportional to 0,10, 0«10, and 7,,10,,. The first term represents the inductive interaction,

Upnr o My ®®,, the flux being our z degree of freedom, and it indeed scales linearly with Mj,. Since we
have chosen to identify a flux degree of freedom with the real operator o, the canonically conjugate charge
operator must be complex (since [®, Q] = ih), and therefore must be identified with o,. The YY term,
then, describes the capacitive interaction and, in fact, appears to be largely independent of M;,. Finally the
XX term is a result of the presence of the higher excited states of the system [18]. It is related to both the
inductive and the capacitive Hamiltonian terms and appears to scale linearly with Mj,.

According to reference [43], a two-local two-qubit Hamiltonian of the form

H= thUx,l + hlxo-x,Z + hzlaz,l + hIzo-z,Z + hxxax,lax,Z + hyyo-y,la'y,Z + hzzo-z,lo-z,Z (74)

is non-stoquastic, and remains such after arbitrary local rotations, as long as hyy, hyy, bz, by, # 0 and

|hyy| > |hsl, |hz2|. The region where this condition is satisfied is highlighted in green in figure 9(a).
Non-stoquastic two-local catalyst Hamiltonians are know to provide an exponential speed-up to the
convergence of quantum adiabatic optimisation, at least with specific problem classes, including the
ferromagnetic p-spin model [44]. For this reason, they might be key to establish a quantum advantage over
classical optimisation routines such as quantum Monte Carlo [18, 45].

Again, our implementation of the approximate rotation reduction produces qualitatively similar results
to the SWT reduction for the two-local Pauli coefficients (see hollow circles in figure 9(a)), except for
hy, =~ h,, (purple circles), which are now of the same order of magnitude as the other coefficients. As we
mentioned in section 3.2.3, the approximate rotation and the SWT reduction methods actually find
equivalent effective qubit Hamiltonians, modulo a unitary. This was in fact verified by showing that both
sets of coefficients lead to qubit Hamiltonians with the same spectrum.

Notice that reference [18] actually reports the two hy, ~ h,, coefficients to be negligible, which we
ascribe to the fact that the authors used a different form for the circuit Hamiltonian, and potentially a
different definition of the computational basis, and hence of R;, as defined in section 3.2.1 [18]. (In our
case the computational basis was defined locally as shown in section 3.1.3.) In fact, any mixed two-local
term, involving different Pauli operators acting on the two qubits, can be eliminated from a two-qubit
Hamiltonian by performing a local change of basis [43]. Applying this transformation produces a new set of
coefficients which are within 5% of those found by the SWT reduction method (see figure 9(b)). In this
case, then, the unitary mapping between the two is a local transformation.
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Table 3. Probabilities of measuring different computational
states on the two-coupled-qubit system determined from the
effective qubit model and the full circuit model.

Probabilities

Model po/p++  pa/pr— pu/p-+  pu/p--

Qubit 2-107° 0.50 0.50 1.3-10°°
Circuit 0.06 0.44 0.45 0.05

We conclude the subsection on this two-qubit system by briefly considering how, in analogy to what we
had in the single-qubit case, the reduced Hamiltonian not only contains information about the system
low-energy spectrum, but also about state probabilities (as well as operator matrix elements). For instance,
when we set My, = 2 pH, the SWT reduction produces the following effective qubit Hamiltonian:

H, = — 0.1250,; — 0.1210,, — 0.5160,; — 0.5090,
—0.4590,0, + 0.5000,,,0,, + 1.0790,0,. (75)

One can easily find that the first excited state of this Hamiltonian is

|€1) = —0.0046|00) + 0.7041|01) — 0.7101|10) — 0.0012|11), i.e. an entangled state where the two qubits
are in opposite computational states with probability approximately one (i.e. p(q; = 0|qg = 1) = - - - =~ 1).
This should translate to the fact that, at the circuit level, there is a high probability of measuring currents of
opposite sign on the two qubits, when the system is in its first excited state. In other words, if the persistent
current of one of the qubits is measured to be positive, the other qubit is projected on its negative persistent
current state, and vice versa. We can verify that this is actually the case by using the projectors on the
positive and negative subspaces of the qubit current operators and calculating their expectation value on the
first excited state |E;) of the circuit Hamiltonian. Table 3 gives the probabilities of measuring the different
computational states on |€;) and different current sign combinations on |E;). The two results are in good
agreement.

4.2.2. ZZZ coupling

As the final example we consider a proposed circuit implementing a three-local ZZZ interaction between
three flux qubits, presented in [37]. The circuit diagram is shown in figure 10(a) and consists of the three
flux qubits (in this case rf-SQUID qubits) and two compound-Josephson-junction rf-SQUID couplers. The
main loops of the two couplers, one of which contains a twist, mediate a magnetic interaction between the
superconducting loops of qubits q; and g, (see figure 10(a)). If the flux applied to the coupler main loop,
®, ; is kept constant, the flux applied to its dc-SQUID loop, @, ., controls the effective mutual inductance
between the qubits and therefore the magnitude and sign of the effective ZZ interaction [42]. By
magnetically coupling the current loop of qubit g3 to the coupler dc-SQUID loop, one can control the two
local interaction between g, and g, with the current state of g3, therefore obtaining a three-local
h,,,0,10 ;00 53 interaction [37].

The solid lines in figure 10(b) show the effective Hamiltonian coefficients for the system consisting of
the three flux qubits and the single coupler ¢;, extracted using the SWT reduction method. The main loop
of the coupler and those of the three qubits are all biased at &, = ®,; = ®y/2, such that the qubit
longitudinal fields are all zero. The transverse fields are also zero with the physical parameters considered
(which are given below). As expected, we find a three-local interaction term o h,,,, in addition to a residual
two-local interaction between qubits q; and g,, o h,,; and a large longitudinal field A, on qubit gs.

The parameters used in the simulations are as follows: all qubits (i = 1,2, 3) have E;; = 99.3 GHz,

Ly = 4.5 nH and a large shunting capacitance Cg,; = 45 fF; the two coupler junction Josephson energies
are Ej; .y = Epp 1 = 233.4 GHz, the coupler main loop inductance is L, ; = 550 pH, while the small loop
has an inductance of L,.; = 170 pH and is shunted by a capacitance Cy, 1 = 10 fF; all mutual inductances
are 50 pH. As in the previous simulations, the rf-SQUID qubit Hamiltonians have been expressed in a basis
of 40 occupation number states. The three degrees of freedom of the coupler are expressed using 20
occupation number states for the small plasma frequency mode and 7 for the higher plasma frequency
modes. The total Hamiltonian is projected on the lowest 8 unperturbed eigenstates of each qubit and on the
lowest 5 unperturbed coupler eigenstates. Since the effective Hamiltonian here is diagonal in the
computational basis, its coefficients can also be calculated with the method used in [37] and reviewed in
section 3.2.2. The result of this reduction is represented by the filled dots in figure 10b and matches very
well with the result of the SWT reduction.
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Figure 10. (a) Circuit diagram of three flux qubits and the three-local ZZZ interaction circuit, described in [37], consisting of
two compound-Josephson-junction rf-SQUID tunable magnetic couplers, one of which, c,, has a twist in the main loop. (b)
Solid lines: Pauli coefficients extracted, using the SWT-based reduction method, for the system of three qubits and coupler ¢, as
a function of f, ;. (Note that ¢, is absent here.) Filled circles: same coefficients, extracted using the diagonal Hamiltonian
reduction method. (c) Pauli coefficients numerically extracted for the circuit in (a). Solid lines: SWT-based reduction method.
Filled circles: diagonal Hamiltonian reduction method. (d) Energy spectrum, relative to the ground state, of the circuitin (a).
Solid lines: circuit Hamiltonian. Filled circles: effective qubit Hamiltonian.

Introducing a twist in the coupler, for instance changing the mutual inductance between the coupler and
qubit g, from 50pH to —50 pH (as in coupler c¢;), and changing the sign of the coupler x-bias, reverses the
sign not only of the two-local coefficient h,,;, but also of hyj,. The three-local interaction coefficient,
however, remains of the same sign. Therefore attaching both couplers ¢; and ¢, to the qubits leaves us with a
purely three-local Hamiltonian. The numerical simulation of the full system agrees with this picture. The
Pauli coefficients extracted, as a function of f, . = —fy,«2, are shown in figure 10(c), with the solid lines and
the dots being the result of the SWT and the diagonal Hamiltonian reduction method, respectively. Coupler
¢, shares the same physical parameters as ¢; and is also biased at f; ., = 0.5. Its lowest 5 unperturbed
eigenstates are kept for representing the full system Hamiltonian. As we can see, the size of the three-local
ZZZ interaction can be changed from zero to as much as 700 MHz in the range of fluxes considered. Its sign
can also be changed to negative by biasing at f; ., = —f; , =2 — fxa1 [37].

Finally we can check that the reduced Hamiltonian has the correct spectrum. This is shown in
figure 10(d), where the filled dots represent the effective qubit Hamiltonian transition energies and the solid
lines those of the circuit Hamiltonian. The levels are grouped in two manifolds each of four degenerate
levels, separated by an energy of 2|h,..|. In the ground state manifold the expectation value of the product of
the qubit currents, (f 1 jzj3>, and therefore (5,15 ,,6,3) in the reduced model, is negative, while it is positive
in the excited manifold states. At energies above 8 GHz we see the additional states of the system,
specifically the first excited states of the couplers. As we can see, the interaction does not close the spectral
gap of the Hamiltonian, which allows us to use the Schrieffer—Wolff transformation reduction method.

5. Conclusions

We have developed a systematic numerical method for determining the effective spin Hamiltonian, written
in the appropriate computational basis, describing a system of interacting superconducting circuits. Our
starting point was a numerical representation of the circuit Hamiltonian, in which each component is
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described as a lumped-element circuit, with potential magnetic and electrostatic biases, and interacts with
the other components through mutual inductive or electrostatic interactions.

Comparison with other reduction approaches in the literature and self-consistency checks on the system
spectrum allowed us to demonstrate the validity of our reduced model. At the same time, our approach is
based on more general assumptions than other reduction methods in the literature. Therefore, in the case of
isolated superconducting qubits we have seen that choosing the local computational basis with explicit
reference to the measurement operator improves the accuracy of the reduced Hamiltonian, in terms of both
the spectrum and expectation values of circuit operators. This is especially true for qubit designs with
reduced anharmonicity, such as the capacitively-shunted flux qubit. In the multiple-qubit case, the
Schrieffer—Wolff transformation theory provided the basis for calculating the effective spin Hamiltonian,
the only requirement for its application being that the size of the spectral gap of the unperturbed
Hamiltonian should be larger than the size of the interaction. In principle this limitation can be
circumvented, as long as one is able to partition the system in smaller units, and as long as the qubits in
each unit display sufficient anharmonicity. Numerical calculations of the effective multiple-qubit
Hamiltonians provided results in good agreement with the existing reduction methods, when these were
used within their range of applicability.

This reduction method should prove useful in different areas of applied quantum computation, where
complex systems of continuous variable circuits are described in terms of interacting two-level systems. In
practice one could start by fitting the parameters in the circuit model to some preliminary data, then extract
the effective qubit Hamiltonian as a function of the control biases. The reduced model could then be
verified with additional experiments, for instance spectroscopic or state population oscillation
measurements, and successively be employed as the reference model for the operation of the system [18]. In
the context of circuit design this method can be used to model the interplay between different qubit
Hamiltonian terms, for instance the effect of the coupler bias on the qubit transverse fields [14] (i.e.
dynamic inductive loading), or to predict the size of non-Ising terms like non-stoquastic or many-body
interactions (as well as of Ising terms like the transverse fields, beyond the instanton
approximation).
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Appendix A

A.1. Capacitance and inverse inductance matrices
In this appendix we give the definition of the capacitance and inverse inductance matrices used to specify
the linear part of the circuit Hamiltonian Hic.

For a circuit with N nodes (ground node excluded), these are two symmetric N x N matrices. In the
capacitance matrix, each diagonal element (C);; represents the sum of the capacitances connected to the ith
node, while, for every pair of nodes i # j, the off-diagonal element (C);; equals minus the total capacitance
between i and j. For the circuit in figure 5, for instance, the capacitance matrix is

C]R 0 —C]R
C= 0 Cun+Cr+Ca —Cir — Gy , (76)
—Cpr —Cjr — Can Crr + Gyt + C

whose inverse is
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Ct+Cr+C 1 Cp+C

CnCrCy  Cp  CuC
c'= L i L (77)
B C]L C]L C]L ’
Cir + CH L Cr+ CH
C]LCH C]L C]LCH

where C| = Cjr + Cg,. Notice that 1 / (C Y corresponds to the effective capacitance between node i and
ground.

In analogy with C, the inverse inductance matrix L™" has, along the diagonal, the sums of the inverse
inductances connected to each node and, in the off-diagonal elements, the total inverse inductance between
pairs of nodes. The inverse inductance matrix for the circuit in figure 5 is, for instance,

L!= (78)

o ot=l=
o O© O
oS o O

A.2. Capacitance and inverse inductance matrices: interacting circuits case
In this appendix we show how to modify the capacitance and inverse inductance matrices of two circuits in
order to take into account their interactions. The following definitions can easily be extended to the case of
more than two interacting circuits.

Let C; and C, be the two original capacitance matrices of the two circuits (as defined in appendix A.1),
and let their sizes be N x N and M x M, respectively. Let C;, be the N x M matrix whose elements are the
capacitances between pairs of nodes belonging to different circuits. Consider then the following

(N + M) x (N + M) matrix:
C, —Cp,
€= <_C1T2 C/z ) 79)
where the primed matrices include the additional capacitance attached to each node, i.e.:

M
(CDu = (Ck+ Y (Cdues Yk =1,..., N

kl]\:fl (80)

(Cu = (Cie+ Y (Codiws Yk = 1,..., M.

K=1

Notice that C is nothing but the capacitance matrix defined for the extended circuit including all the nodes
of the two interacting circuits. By inverting it, we get:

. ¢! ¢!
= ~ s 1
¢ ((cm1>T c,' oy

where (~3f1 and (NJ; ! are the new inverse capacitance matrices of the two circuits (cf equation (13)) which
include the effect of the external capacitive loading, and C,," is the inverse mutual capacitance matrix,
describing the interaction between the two circuits, which appears in equation (14).

For the inductive interactions, these involve pairs of inductive branches belonging to different circuits,
coupled by their mutual inductance. Let N’ and M’ be the number of branches in the two circuits and
consider the following (N' + M) x (N’ + M') matrix:

L= to M) (82)
-M" Ly

where Ly; is the inductance matrix of circuit i in the branch representation, having along the diagonal the
self-inductance of each branch (L) = Lbik and zeros everywhere else, and M is the N’ x M’ matrix whose
elements are the mutual inductances between pairs of inductive branches. Inverting L;, we obtain

L} M!
L' = b1 R 83
b ((M l)T Lbzl ) ( )
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Figure Al. Lowest 20 energy eigenvalues of a C-shunt flux qubit, as a function of the linear size N of its truncated circuit
Hamiltonian. The pink line shows the time (indicated on the right vertical scale) required to numerically compute each set of 20
eigenvalues.

where M~ is the matrix appearing in equation (16). L' and L,;" can be used to rescale the inverse
inductance matrices of the two circuits (see equation (15)). This is accomplished by replacing each branch
inductance Lbik appearing in the expression of Li_1 with 1/ (L;il)kk.

A.3. Spectrum convergence

In this section we consider the convergence of the numerical spectrum of a qubit circuit as a function of the
number of states included in the basis used to describe each of its modes. We refer to this number as the
(mode) truncation.

The circuit examined here is that of the capacitively-shunted flux qubit shown in figure 5. By inspecting
its circuit Hamiltonian, we find that the mode associated with node 1 (O1) is conveniently expressed in a
basis of harmonic oscillator states below a certain occupation number N§**, while those associated with
nodes 2 (C1) and 3 (C2) are better expressed in the charge number basis, keeping only integer charges lower
in absolute value than N&™ (N&™) [35, 40, 41].

Figure A1 shows the lowest 20 eigenvalues of the approximate circuit Hamiltonian HEN%, as a function
of its linear size N = (N 4 1) - QN&G™ + 1) - 2NG™ + 1), as well as the time required to evaluate them
(shown by the pink line and indicated on the right vertical axis). The qubit is taken to be biased at the
optimal point f, = ®%}'/®y = 0.5 and its other physical parameters are given in section 4.1.1 of the main
text. In the graph the values of the truncations N, N&@™* and N{5™ are increased sequentially going from
left to right, starting from the values (N3, N&W™, NiwX) = (2,3, 3). As we can see, all of the 20 lowest
eigenvalues have converged for the set of truncations (9, 10, 10), corresponding to a Hamiltonian of linear
size N = 4410. As it turns out, the convergence is mainly determined by the Josephson modes, and the set
(3,10,10) (N = 1323) is already sufficient to obtain the same eigenvalues. Also notice that the lowest three
eigenvalues already converge for the set of truncations (3, 5,5) and N = 363.

The eigenvalue evaluation times refer to the use of MATLAB © eigs algorithm [38], run on a quad-core
laptop CPU. As the pink line in the graph shows, the run time scales as a power law of the linear matrix size
(notice the log—log scale), namely t.,, > (1.1 107>s) - N, as results from a non-linear fit.

A.4. Tunnelling rates in the rf-SQUID qubit with the instanton method

The semi-classical description of tunnelling through a potential barrier is a very well-known subject in
quantum mechanics and is routinely used in many applications of chemistry and quantum physics [33, 46,
47]. In order to describe the tunnelling between the two opposite persistent current states of the rf-SQUID
qubit, we are going to use the formalism developed in [48], which applies to a generic, potentially
asymmetric double-well potential. Let us first write the semi-classical potential of the circuit [4]:

(e = pext)?

Vip) = Up 5

+ Br(1 —cos )|, (84)

where ¢ = 27®/®, is the dimensionless total flux, @y is the externally applied flux, Up = (®,/27)*/L is
the characteristic inductive energy and 5y = E;L(2m/®)? is called the screening parameter. When 3; > 1
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Figure A2. rf-SQUID semi-classical potential (black line) for ey /27 = 0.49, and its two symmetrised versions (dashed lines).
Also shown are the energies of the lowest bound states in the two wells.

and ey /2w ~ 0.5, this potential has three stationary points, given by the solutions of the transcendental
equation

Br sin ¢ = Yext — - (85)

Two of the solutions, say ¢ and g, correspond to the minima of the left and right potential wells,
respectively, while the third, ¢u, is the maximum of the barrier between them (¢ < ¢u < @r). For
instance, when U = 65 GHz, 51 = 1.9 and @ex /27 = 0.49, we obtain the potential profile shown in
figure A2 (solid black line, sitting below the dashed lines).

According to the semi-classical theory, the low energy behaviour of the rf-SQUID system can be
described in terms of the tunnelling between the lowest bound states in its two potential wells, ¥y (¢) and
Wr(p) [33]. These represent the local solutions to the stationary Schrédinger equation, in the limit where
the two wells are completely isolated from each other (eg. ¢; < ¢r). One way to approximately identify
these solutions is by considering the second-order series expansion of the potential around its minima:

V"' (i) .

V(p) ~ Vig) + T‘p(go — o)k i=LR (86)

Then ¥, (¢) and Wg(p) approximately correspond to the vacuum states of two displaced harmonic

oscillators, such that

(20 0* V(o)
2C 0¢? 2

(o —)*| Uilp) = EVi(y), (87)
with C the total capacitance across the Josephson junction, and

E = V(p) + h;" (88)

The oscillator frequency here is

_2m V(i) _\/1—|—ﬁL Cos ;

. 89
Y=,V C Ic (89)

Notice that these states have a phase expectation value of ((); = ¢; and an average persistent current of

kS aHe.,m. _ 27TUL A % ©i — Pext

(Di=—( DD, )i o, (P — Pext) i = w L (90)

Therefore, since ¢ < e < ©r, the bound states also correspond to persistent current states of opposite
sign, as expected.

Quantum tunnelling across the potential barrier couples the two bound states, leading to the repulsion
between their energy levels. The resulting eigenstates of the system are determined by the following
two-level Hamiltonian, expressed in the persistent current basis {|Ug), | ¥y )}:

Er —A Er +E Er —E
Hq:< R )Z R+ LU[—AUx+ R2 LO'Z) (91)

-A E 2
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where A is the tunnelling energy. This represents the effective qubit Hamiltonian of the circuit, and is again
in the standard form of equation (26).
Finally, following reference [48], we can write the tunnelling energy explicitly as:

A=A \/ALAg, (92)

1| (vo—E N\ [Ve—Ex\V*
A= | 2—) 4 (22 , (93)
2 |\ Vo — Ex Vo — Ef
with Vo = V(pum), and where Ap g is the tunnelling energy relative to the symmetric double-wells V()
and Vz(¢), obtained by reflecting V(¢) about the local maximum ¢ (cf dashed lines in figure A2):

where

Vi(p) = V(min(ep, 2¢0m — ©)),

94
Vr(p) = V(max(p, 2om — ¢)). oY
The instanton result for the symmetric double-well tunnelling energies reads:
Si
A,‘ = ﬁwie_ﬁ, iZL,R (95)

with S; the tunnelling action, given by:
q)o Pi2
si= 50 [ VaCWi) ~ Ead, (96)
2 Pi,1

where ;1 = 2¢M — @i, are the two points at which the potential barrier intersects the energy level:
Vi(wi1) = Vi(piz) = E;. This semi-classical formula holds when S; > h and therefore in the limit of small
tunnelling energies [34].
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