Lecture 1. Superconducting Quantum Circuits
Started: June 2019, last modified: August 25, 2025

CONTENTS
| 1. Superconductivity and Josephson relation| 2
[ 2. [ransmon as an anharmonic oscillator 3
| 3. What oscillates ? The Physical picture and parameters| 6
[ 4. System of coupled resonators | 8
[ 3.1. Capacitively coupled qUDITS |- . . . oo v ot e 8
3.2. Inductively coupled quBITS | . . .. ..ot 8
| 5 Inductance and capacitance matrices| 11
| 6. Eigenfrequencies of Coupled systems| 13
| 7. The rotating frame picture) 15
[ 8. The higher order terms in Pauli expansion (arriving soon!)| 17
| 9. Single-photon dynamical spectroscopy technique| 17
[ 10. Homeworks | 18
| Appendix A. Brief review of Hamiltonian physics| 21
| Appendix B. The Schrodinger and Heisenberg picture| 22
[ References 23
CONTENTS

Starting from the Josephson relation, we write the Lagrangian for a system of a Josephson junction shunted by
a capacitor, i.e. a Transmon, and derive its Hamiltonian. Then, we study a system of capacitively or inductively
coupled qubits, and discuss commonly used methods for solving their circuits quantum mechanically as well
as approximated classically. In addition, we discuss a simple dynamical protocol that can be implemented to
perform spectroscopy in the single-particle excitation sub-space.



1. SUPERCONDUCTIVITY AND JOSEPHSON RELATION

Giant atoms. One remarkable feature of superconducting qubits is that their energy-level spectra are gov-
erned by circuit element parameters and thus are configurable; they can be designed to exhibit "atom-like"
energy spectra. Therefore, superconducting qubits are often referred to as artificial atoms, offering a rich pa-
rameter space of possible qubit properties, with predictable performance in terms of transition frequencies,
anharmonicity, and complexity. The macroscopic size of these artificial atoms provides a major advantage as it
allows lithographic wiring to be brought next to qubits to control their quantum degrees of freedom.

Josephson junctions are nonlinear, dissipationless circuit elements that form the backbone of superconducting
circuits. A Josephson junction is formed by separating two superconducting electrodes with an insulator thin
enough (a few nm for Al-Al oxide-Al junctions) such that Cooper pairs can tunnel through the barrier. The
Josephson effect describes the super-current I that flows through the junction according to the equations
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where @, is the magnetic flux quantum (= h/2e = 2 x 1015 Wb), I, is the critical current of the junction, and ¢
and V' are respectively the superconducting phase difference (= ¢; — ) and voltage across the junction. The
dynamical behaviour of these two equations can be understood by differentiating the current relation
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By defining a Josephson inductance L; according to the conventional definition of inductor (V = LdI/dt),
one can see that Josephson junction is a non-linear inductor with inductance
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Defining E; = ®( Iy /2, the energy stored in the junction is given by

L{J—/Ith— 27T/Id<p——2ﬂfocos(cp)——EJcos(ga). (4)
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Figure 1. In a Josephson junctions the two superconducting islands are separated by a thin layer of insulator, (e.g. aluminum
oxide, ~5nm). The Cooper pairs can coherently tunnel between the islands.



2. TRANSMON AS AN ANHARMONIC OSCILLATOR

LC oscillators. We begin with the classical description of a LC circuit. In this system, energy oscillates
between electrical energy in the capacitor C' and magnetic energy in the inductor L. It is customary to arbitrarily
associate the electrical energy with the "kinetic energy" and the magnetic energy with the "potential energy”
of the oscillator. To derive the classical Hamiltonian, we follow the Lagrange-Hamilton formulation. In this
framework, one can represent the circuit elements in terms of one of its generalized circuit coordinates, charge
or flux. In the following, we pick flux, defined as

O(t) = /_t V(t')dt' (5)

Given that we assume one end of the LC oscillator is kept at V' = 0 (reference voltage, grounded, see Fig. 2),
the voltage at the node is also the branch voltage across the element. The energy of the capacitor and inductor
in terms of the node flux can be written as
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The Lagrangian of the system can be written
L(D,D) =T — U, = Logr - L g2 (7)
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From the Lagrangian, one can derive the Hamiltonian using the Legendre transformation. We need to calculate
the coordinate conjugate to the flux, which in this case is the charge on the capacitor.
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The Hamiltonian of the system is
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as one would expect for a LC circuit. Note that the equations of motion gives what Kirchhoff rules provide

doL oL

Cd=CcVv=Q=Ic
dt 9 0P

0— CO+®/L=0 Ic+ 1, =0. (10)

Here, currents are defined from high node to ground. One can check the correctness of Egn.([10) by noting that
replacing ® = Ae™“* leads to the correct differential equation. The Hamiltonian described above is classical.
In order to proceed to a quantum-mechanical description of the system, we need to introduce the quantum
operators of charge and flux and impose their commutation relation:

6,0) = ih, (1)

For convenience, we define the reduced flux ¢ and the reduced charge A is the excess number of Cooper-pairs

on the island and [, ] = i. We can write the quantum Hamiltonian
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The charging energy Ec = ¢2/2C is the the required energy to add each electron of the Cooper-pair to the
island, and ®, = h/2e is the flux quantum.

Transmons. Capacitively-shunted Josephson junctions. The transmon circuit is obtained by replacing the
linear inductor with a Josephson junction, which results in changing the potential term in the above Hamiltonian
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For Transmons, C' = 80fF which give Ec/h = 240MHz, and I = 40nAmp (SQUID inductance of 8 nH),
which give E;/h of 20GHz. These values suggests that considering Qubits as a linear oscillator and treating
the non-linearity as a perturbation is a good approximation. In light of this, we define w, = /8 E; E¢/h, and
n = +/Ec/8E;, with typical values of w,/2m =6 GHz and 1 =0.04,

HQubit = 4Ec./\A/'2 — EJ COS((fO), with EC = )IO (13)

HQubn/h =4ny pr2 — g—z cos(@), Transmon qubit. where fw, =+/8E;Ec n=+Ec/8E; (14)

Recalling the quantum harmonic oscillator, A and ¢ can be written in terms of lowering and raising operators
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where a and o' are lowering and raising operators in the space of eigenstates of quantum harmonic oscillator|),
with usual properties ([a, a'] = 1, a|m) = \/m|m — 1), af|i) = v/m + 1 |m + 1)) and (truncated) matrix represen-
tation

(16)

Now that we derived the transmon Hamiltonian, we can see how the qubit non-linearity leads to the Hubbard
U term in the Bose-Hubbard Hamiltonian. Given that n < 1,
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After dropping the constant term 1/8, noting that aa' = ata + 1, and some algebra:
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Figure 2. Schematic of a LC oscillator and a Transmon qubit. While LC Oscillator is linear (single frequency spacing),
transmon is non-linear. This is achieved by replacing the linear inductor with a Josephson junction, a non-linear inductor.



Haupit/hwp, = ata +1/2 — % (a+ah)? (approximate, suitable for eigenvalues) (18)

To understand how non-linearity n appears as the Hubbard U, one needs to note that measurements are
taking place in a rotating frame. Confining the discussion to the first three levels, a Single non-linear resonator
Hamiltonian can be written as

Hsq = wg|0) (1] + we|0) (1] + wp|0)(L]. (19)
Going to a rotating frame, R,
000 0 0 0
R=exp(—iwpt |0 1 0])= |0 exp(—iwpt) 0 (20)
002 0 0 exp(—2iwpt)

then the Hamiltonian in the rotating frame becomes
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Since any multiple of identity can be subtracted from Hamiltonian, we can recast Hg,; into more familiar forms,

0 0 0
Hpot = |0 fio —wp 0 (22)
0 0 fio + fo1 — 2wp
As a result, in the absence of coupling and in the limit of considering only three levels per non-linear resonator
(qutrit), the Hamiltonian takes the familiar form of the Bose-Hubbard becomes
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where A; = fi9o — wp, and the equation shows that non-linearity gives the Hubbard-U, Unhubbard = 1 wp.
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Figure 3. In an LC oscillator, the capacitance plays a role similar to mass in the mass-spring oscillator; as capacitance
becomes larger, more levels fit inside the well. Note that potential is periodic in phase and so are the eigenstates. However,
given that Ec/E; < 1, the overlap between wells for |0), |1), |2) are exponentially small considering behavior in a single
well is sufficient.



3. WHAT OSCILLATES ? THE PHYSICAL PICTURE AND PARAMETERS

Next, we discuss the physical meaning of the |0), |1), and |2) states of qubits. After proper understanding,
one should have a physical picture for placing two photons into a non-linear resonator. When using |0), |1),
and |2), are we referring to different modes or are we talking about number of excitations in a given mode ?
the meaning of the |0) and whether one can detect any photon in this mode. Our non-linear resonators are
conceptually similar to the ideal oscillators that Planck used in his model of the black-body’s electromagnetic
radiation. Following Planck’s and Einstein’s ideas, we could propose that our superconducting resonator is a
quantum mechanical object that only exchanges discrete units of energy with the environment - our quanta or
microwave photons. The states of the non-linear resonator would then be labeled by the number of photons that
it stores , and the total energy would be a sum of quanta of energies.

The "photons" that we find in the superconductor have a mixed nature: They are excitations of the electro-
magnetic field that are accompanied by waves of charge and current on the surface of the metal. This hybrid
nature would make it more appropriate to call them microwave plasmons. These microwave photons do have
a matter-like component. This component allows us to control the properties of the photon - frequency, speed,
wave-length, etc. - by a proper design of the circuit: capacitance, inductance, thickness of the material, etc.
Moreover, the matter component in the wave enables the strong interaction between these microwave photons
and other circuit excitations.

Distributed vs. lumped-element resonators. A mode is a spatiotemporal pattern of vibration, e.g., a standing
wave in a string. Classical oscillators [1], such as a violin string can be in any of their oscillation modes, and
the amplitude of oscillation of each mode (mode energy) is a continuous variable. In quantum systems, such
as photons in cavities, the occupancy of each mode is quantized. The state of the system can be written
with the occupancy of one of these modes. For example, |1, 5, 0, 2, 0, 0) means there is 1 photon in the first
mode, 5 photons in the second mode, no photon in the third mode, and so on. Therefore, the |0), |1) state
of qubits, refer to number of occupancy of a given mode (usually lowest one) with photons (|0, 0, 0, 0, 0, 0)
and |1, 0, 0, 0, 0, 0)), and not occupying of different modes ( |0, 0, 0, 0, 0, 0) and |0, 1, 0, 0, 0, 0)). The lumped
element assumption implies that the circuit only supports a fixed spatial distribution of charge and flux, it only
has a single mode or frequency, which is why sometimes it is called a zero mode resonator.

A natural question to ask is if we can make a qubit by using a fundamental mode of an interrupted co-planar
wave-guide (CPW) to form a LC oscillator ? ( Fig.4) In principle, one could choose |0) and |1) to be the zero
or 1 photon in that mode, respectively. If we decide to place the fundamental frequency conveniently at 6GHz,
the wavelength A = v/f becomes A = 3 x 10%(m/s)/v/5.5/6 GHz=2cm, and size of the resonator would be
A/2 = 1cm. This a good size (and used for our readout resonators). However, this oscillator is not anharmonic
and has uniform energy level spacing. This won’t be a practical qubit, since cannot be driven properly.

In Transmon qubits, the resonance frequency of the CPW part alone is about 30 GHz (due to its short length).
Therefore, at commonly chosen frequency of operation (6 GHz) the CPW part acts as a capacitor. Given that
inductance of junctions are large and concentrated to a small point in space, with a good approximation, there
is a spatial separation between the capacitor-like and inductor-like part of this oscillator. This is exactly how
LC oscillators in an electrical engineering textbook are modeled: lumped-elements, where L and C' are points
without any spatial extent (similarly for mass-spring oscillators). The lumped element approximation means each
component is treated as if all of its energy is stored in one place. Consequently, we say that the Josephson-
based qubits are lumped-element resonators.

The lumped-element approximation brings design convenience, but does not have fundamental physics impor-
tance. In practice, this mode of oscillation also has some spatiotemporal pattern of oscillatory electromagnetic
wave, which we choose to ignore. This is a good approximation; however the goodness of the lumped-element
approximation is inconsequential. There is nothing in the physics that we want to exploit that demands this
approximation to be accurate. The negative consequence of using the lumped-element phrase is to loose sight
of the fact that every oscillator has spatial extend and hence it supports other modes of oscillation. The other
modes of transmon are much higher in energy (the next mode is > 60 GHz, which is a A/2 mode). Deviation from
the lumped-element approximation, such as that the small capacitance of the junction or the inductance of the
CPW part and the fact that it has spatial extend, leads to shift of physical parameters from design parameters.



7

If a resonator is modeled as a lumped-element one, it means that the resonator is built such that kinetic energy
and potential energy are concentrated in spatially separate places. Usually one can see how this mode comes
about by modifying parameters of the fundamental mode, as frequently there is an analytical continuation from
fundamental mode to lump-element behavior. Given that higher modes usually involve relative motion of internal
degree of freedom, then they become much higher in energy and hence inaccessible. This matter become more
clear after solving Problem 9.

Figure 4. A spatially extended resonator, such as a long CPW, can accommodate many modes beside its fundamental. A
Josephson-based qubit is a lumped-element resonator, where |0) and |1) refers to the occupancy of its lowest energy mode.
It supports other oscillation modes but they are relatively high in frequency that we can safely ignore them.

What is the Cooper pair difference between the two islands? In a Josephson junction a thin oxide barrier
separates two macroscopic islands. On each island there is on the order of 10'2 electrons that pair up to form
Cooper pairs. How can these two very large numbers of Cooper pairs be different only by a few and difference
be stable ? Is that even meaningful to talk about such numbers ? The key concept to understand is that because
of the small capacitance of the junction, the energy difference (4 €2 /2C) associated with tunneling one pair from
one island to the other is rather large and > kgT. ( C = 1fF gives 20 GHz and KgT at 20mK is 400 MHz.)
Hence, the difference is stable and meaningful. While the Cooper pair number difference is small for all qubits,
Trasmons are different than historic Cooper pair box qubits. For Transmons E;/E- =80, and as a result the
wavefunction is localized is phase and spread in charge (phase is a good quantum number and charge is
not). Therefore, charge fluctuations do not have significant effect. This is the essence of charge insensitivity of
Transmons (Problem 9). For Cooper pair box qubits, charge was a good quantum number and hence it was
sensitive to charge fluctuations and hard to work with.

Boltzmann factor within a mode but not across modes. Consider an oscillator that supports several modes
with energies Emodem. Then each mode is a harmonic oscillator; i.e., the number of excitation in each mode
(its occupancy) is given by the Boltzmann factor. For instance, the probability of finding five photons in the first
mode (with energy E; 5) is related to other photon number probabilities of the same mode (with energies E; ,,,)
by the Boltzmann factor. However, there is no Boltzmann factor associated with the probability of occupation of
different modes based on the relative energies of the modes (each mode occupation is an independent variable
with respect to other modes).

Where can we find photons? Now, we are in the position to provide a complete physical picture for these
excitations that we use as the computational states. The probability of measuring phase difference ¢ at position
x, P(z, ), has two factors. The first one is the standing-wave part, along the lines of cos(wz/L), and the other
factor is |¥(¢)|?. The computations that we did for the eigenstates of the Hamiltonian (fig. 3) only depicts the
latter factor. The total probability is given by their product P(x,¢) = cos(rx/L)|¥(p)|*> dz dp. It should be
understandable that the cosine is only a placeholder for spatial extend of the wavefunction and should not be
taken literally and is used to give a clear example of spatial extend.

The physical picture of |2) state. Does being in |2) state mean having two photons or one higher energy
photon? What we like to know is the plasmonic condensate oscillates. Is there a single pattern or two spa-
tiotemporal patterns ? Since the two excitations belong to the same mode, then maybe their spatial extend is
similar, but what is their temporal relation ? is it even meaningful to ask what is their relative phase ? Why the
second photon decays faster ? The common answer is that ’ because there are two photons there, and hence
twice chance for decay’.



4. SYSTEM OF COUPLED RESONATORS
3.1. Capacitively coupled qubits

To begin with we consider two coupled linear oscillators (Fig. 5). The Lagrangian of the system is

c C C
L= 2A<1>2 + 2B<I’B+70(<I>A—¢>B) - A _ B (24)

To be sure we obtained the correct Lagrangian we look at the equations of motion
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which is what Kirchhoff rule tells us about current at each node.

Next, we consider the case of two coupled transmons coupled with a capacitor Co. We use the flux at the
"high" node of each qubit ® 4 and ® 5 as our canonical variable. The Lagrangian of the system can be written as

C C C 2m 27
L‘Capacitive = QA (I)A + TBCI)% + TC(CI)A - (I)B) - EJ,A Cos(aoq)A) - EJ,B COS(KO(I)B) (27)

The conjugate variable of fluxes, charge variable at each node can be obtained by Q4 = 6£/8<i>A and Qg =
0L /0P resulting in

Qa\ _ (Ca+Cc —Cc D4 C Dy 1 (Cg+Cc  Cc Qa
(QB) N < -Cc  Cg +C'c) <¢>B> ; Which gives <¢>B) Det Coc Ca+Cc)\Qp)’ (28)

where Det=C,Cp+Cy Ce +CpCq. Using H =5 Q% — £, the Hamiltonian of the system can be derived

2
Heap = 42~ N2 +4——o N i 4%]\/,4]\/‘3 — Ejacos(pa) — Eypcos(pp), capacitively coupled.
C

(29)

Ca = Cu+CpCc/(Cp+Ce), Cp = Cp+CaCc/(Ca+Ce), and Co = Det/ 2C¢. Note that these relations sug-
gest that because of coupling the effective mass of each oscillator has increased ( C4,and Cy are capacitances
of the nodes).

3.2. Inductively coupled qubits

The Lagrangian of the system of two inductively coupled LC oscillators is given by

L= CA@2 CB<I>2 ;[IA Iy] P’A], (30)

dp

where currents and fluxes are related by
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where Ly = Ly — M2/Lp, Ly = Ly — M?/L4, and M = L4Lz/M — M. The Hamiltonian of two inductively
coupled transmons takes a similar form, and we leave the derivation to the readers.

For the two coupling schemes that we discussed, the interaction terms are

getleQAQBa H;,quN(I)A(I)B. (33)

Using our definitions of raising and lowering operators gives

HEp=Jc(a—a)a(a—ah)p,  Hgg=Jr(a+a)ala+a)s. (34)

In the rotating frame and using the rotating wave approximation, the terms that do not conserve particle number
drop to zero and for both cases we arrive at

Hg;p:Jc (aa ag—l—ai‘ ag), HmézJI (aAaTB—i-aL ag). (35)

Truncating to two lowest levels gives

HE, — Jo(ohop +ohog),  Hiy— Jr(0Xop +0hok). (36)

We have seen in eqn. (21) that non-linearity of qubits gives the on-site interaction of the Bose-Hubbard Hamil-
tonian. Now, we can put all terms together and arrive at the Bose-Hubbard Hamiltonian

U.
Haose-Hubbard = Z hja; a] + Z Jij(a; aJr + aJr a;) — Z ?]aj a;(aj aj - 1. (37)
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Figure 5. Schematic of two capacitively coupled LC resonators, qubits, and inductively coupled LC resonators.
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Scalable approach? As we couple more oscillators, each one adds at least one degree of freedom to the
problem. We are facing the numerical challenge of diagonalizing large matrices formed from tensor product of
associated raising and lowering operators. One way to circumvent this challenge is to truncate to smaller raising
and lowering operator for each degree of freedom which comes at the cost of reducing accuracy. The other
approach is to ignore non-linear effects and solve classically as a system of coupled linear oscillators to gain
some insight. The conventional electrical engineering approach models quantum circuits with lumped-elements.

We give the highlights of this approach by revisiting the case of capacitive coupling. The circuit is looked at
as a two-port network, and We need to construct the admittance and impedance matrix of this two port network.
These matrices can be looked up in a microwave engineering textbook, such as [2]. The inductance matrix L
and capacitance matrix C are related to admittance and impedance matrix by Y = iwC and Z = iwlL. This
results in

B Ca+Ce —Cc . _LA 0
C_|: —Cco CB+00]’ L= _O Lg|"’ (38)

The equation that does the magic and gives all the eigen-frequencies is

Det(L~! — w?C) =0 (39)

for our current case of two capacitively coupled linear oscillators, gives

Det( [1/LA - éCCAw‘; Co)w? i _fcc:i o wQ]) _o. (40)
Assuming Ly = L and Cy = Cg, and w2 = 1/L4(Ca + Cc), then
w=—20 — (41)
14 WCCA

Therefore, as the result of the coupling the two uncoupled levels are pushed apart symmetrically.

% Z, Z,

Y = |:Yl +YE’) _Y3 :| , 7 Zl +Z3 Z3 (42)

-Y; Y, +Y; Z3 o+ Zs|’
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5 INDUCTANCE AND CAPACITANCE MATRICES

C
Qa,Pa I |C QB,®p
]
— L — L
¢ A Gy B
Example 1. The Lagrangian of the system can be written
by Cage , Oogo  Cog g 0 P4 9f

By taking the derivative of the Lagrangian, we derive the equations of motion

_——— —— =0 d dy—-@ — = 44
dtaq>A 5%, 0 Ca A+Cc( A B)+ I 0 (44)
d 0L oL . .. . dp

_—— —— =0 P dp - — = 4
i 0b,  00p 0 CpPp + Co(Pp A)+ In 0, (45)

which is what Kirchhoff rules provides. Considering a general decomposition for &, and &5 in the Fourier
domain

(PA = Ale_i“’t, q)B = Age_th (46)
we arrive at
(CA+Cc)w2 —1/LA —ch2 A1 -0 (47)
*chz (CBJr(jc)wal/LB Aq ’

The inductance matrix I and capacitance matrix C are

_|Ca+Cc —Cc -1 l/LA 0
C—[ ~Ce CB+CC]’ L —{ 0 1/LB]' (48)
LA LB

< TCc Cy

— e

Example 2. The Lagrangian of the system can be written

Ca
2

Cg

@+ a4 C

2

(P4 —Pc)* (P — @0)2.

. -
£(®,2) = e 2L 4 2Lp

By taking the derivative of the Lagrangian, we derive the equations of motion
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e Cod —0 52
& ode  0be | ettt T T I, 52)

which is what Kirchhoff rules provides. Considering a general decomposition for ® 4 and &5 in the Fourier
domain

(I)A = Aleii‘m, (I)B = Ageiiwt, (I)C = Ag@iiuﬁ (53)

The inductance matrix I and capacitance matrix C are

Ca 0 0 1/La —1/La 0
C=|0 Co 0|, L‘t'=|-1/La 1/La+1/Lg —1/Lp]|. (54)
0 0 Cg 0 —1/Lp 1/Lp

Where Det(L~! — w?C) = 0.

Dy

Example 3. The Lagrangian of the system can be written

iy Ca s c 2, OB s L S . 7o
. d)= A, —d B (g —bp)? — _ _ .
£(2, @) = 57 (®a = De)"+ 7 (Pp — 00) oL. 2Lp 2Lc (55)

By taking the derivative of the Lagrangian, we derive the equations of motion

P .. .. ) .. .. .. .. i)
—2A 20, Cp(dp—dc)+ -2 =0, Ca(dc — )+ Cp(dc — dp) + -2 =0, (56)

dy—@
OA( A C)+LA LB LC

which is what Kirchhoff rules provides. Considering a general decomposition for ® 4, and ®p in the Fourier
domain

Py =Ae” ™ Pp = Ase” ™ Do = Age ™! (57)

The inductance matrix I and capacitance matrix C are

1/Ly 0O 0
, L7t'=| 0 1/L¢ 0 |. (58)
0 0 1/Lp

Cy —Cy 0
—Cy Ca+Cp —Cp
0 —Cp Cp

C=

Where Det(L~! — w?C) = 0.
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6. EIGENFREQUENCIES OF COUPLED SYSTEMS

In a system of two capacitively coupled oscillators, the capacitance and inductance matrices are

_|Ca+Ce —Cc _|La O
(C_|: —Cco OB+00]’ L_|:O LB:|' (59)

As mentioned above, the frequency of eigenmodes can be obtained from Det(LL. ! — w?C) = 0

1/LA—(CA—|—Cc)w2 ch2 .
Det{ Co w? 1/LB—(CB+Cc)w2 =0 (60)
Diving the first row by C4 and the second row by Cp gives
2 2 2
wi—(14+ka)w KAWw _
Det [ Kp w? WL — (1 + KB)MQ] =0, (61)

where k4 = Cc/Ca, kg = Cc/Cp. For simplicity, let's assume k4 = kg = k, and wa = wp = wy, then

wo

V1+2k

Note that if we have defined C4 = C4 + C¢, C = Cp + Cc, ka = Ce/Ca, and &y° = LaCy

— wo (1 —k) (62)

W1 = Wp, W =

% C
Wip= e G (1 o

1iL 2\/5,453
\/CaCp

Which one is more physical? C4 or C»?

) =T (1£7/2) (63)

The eigenenergies can also be obtained from Hamiltonian Hoa + Hop — gla — af)a(a —al)p
[ for —k/2+/ fo1 fq2
—k/2v/for fo2 fqQ2

where k = C¢/ C4Cp. Note that although both approaches give the same result in small coupling, the
equations that use are different. one has w? next to each element, and the other subtracts w from diagonal.
Same results but different equations and operations. More generally the eigenvalues of Eqn.(6) are given by

— eigs = fo (1 £ Kk/2), (64)

2
+ g2 (65)

elgs =

Jo1 +szi Jo1 — fq2
2 2

where for convenience we have defined g = k+/fo1 fg2/2

Next, we look at three capacitively coupled oscillators [3]. The eigen-frequencies of the system can be ob-
tained from

L%z — WQ(Cq + ch + qu) WQCqC wQqu
Det WquC ﬁ —w?(Co + 2Cqc) wchc =0. (66)
WQqu WZCqC L% —w? (Cq+ Cyc + Cyq)
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We solve this by splitting the matrix into direct and indirect coupling matrices [3], and define coupling as half of
the splitting:

Total coupling: g = [yt — K — i B it} (67)
Wep, — Wiw2 2
For completeness, we write the Hamiltonian of the system:
H=[d'a+1/2] qwit [aTa+1/2] w2+ [aTa+1/2] o pWep T Hoouplers (68)
with
W1Wep WalWep /W12
Hoouplers = —+ 5 [a_awm [a_awcp_'{ 9 [a—aT]Q2 [a—aT]CP—’y 2 [a_awm [a_aT}QQ (69)

Note that charge-charge coupling, coming from capacitive coupling, has a minus sign coming from i = /-1 in
the definition of charge.We can truncate the operators and write the Hamiltonian in the basis of the uncoupled
harmonic oscillators. To the lowest order

w1 K[2\ /61 Wep 7Y/24/W1 W2

K/2\/W1 Wep Wep K/2,/w2Wep | (70)
V)2 /w1 W K2, /w2 Wep wo

Note that the sign of the coupling matrix elements are all positive, since (01|(a—a')®(a—a')|10) = —1. Although
this truncated version can show properties such as cancellation of direct (positive ¢g) and indirect (negative g)
couplings, it is missing correction factors that cannot be ignored. Note that solving Eqn.(10), is equivalent to
solving eigs(H) without truncation. Therefore, in solving linear coupled harmonic oscillators, writing Hamiltonian
is not beneficial, since one needs to solve by truncation which introduce errors; yet Eqn.(10) provides exact.
Unless we are after non-linearity corrections, there is no need to write and solve the Hamiltonian.

At the level of two qubits, the requested Hamiltonian is

61 J12
71
{ o 52} , 1)

where 6, and d; € [-A, A]. We bring qubits to fa.. = (f5) + f4%)/2, which we call interaction place and expect
to see peaks at the eigenvalues of

51 + fave J12
. 72
|: J12 62 + fave:| ( )

Note that this is in absolute frequency scale, which is indeed what we can measure in the lab. Now we ask how
to construct a Hamiltonian. Find amplitudes that move qubits to fo: and fg» frequencies

leZfave+51+Jl2 fQQZfave+52+J12a (73)
and find amplitudes that moves the coupler to f., that satisfies this relation
162 fQ
Jeo=- —5—) =, 74
2= 0 o 1) 2 7

where fQ = \/lefQQ .
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7. THE ROTATING FRAME PICTURE

Many observables in a superconducting circuits are measurement in the so-called rotating frame. Is it just a
convenient choice or a necessity? Let’s use a few examples to review the transformation to the rotating frame.
Consider the time-independent operator R, that rotates a single qubit state by 6 in the z-y plane,

R. = eXp(fi§Z) _ [exp(—oi 0/2) exp(?g/g)] ) (75)

This change of frame is merely a change of view point, therefore to assure the properties of the state remains
the same, we are interested to know how the observables that describe a given state transform. For example,
for stabilizer states, how the set of stabilizers transform to the new basis. Stabilizers transform according to

‘ Sj, new frame = R, Sj,old frame RZ ’ (76)

Exercise. Show that whgn 0 =m/2,the X operator (stabilizer) in the new frame becomes Y, andthe Y operator
(stabilizer) becomes — X.

In appendix A we discuss how a Hamiltonian Hg transform under time-dependent frame change to H; ? As
the simplest example, consider Hg = wq/2 Z and a frame that rotates around z-axis with rate wp,

wpt WD WD
t exp(—i——) 0 : —i—— exp(—i—-) 0
U= eXp(—iwiZ) = 2 - U= 2 2 (77)
2 0 (“2h 0 i 2D exp(i-2)
PU g SXPUT
_ t -t _ -t _ w0/2 0 7CUD/2 0 _ (wowa)/2 0
H;=U"HsU++«U'U = Hg+:U'U [ 0 —uwo/2 + 0 w2 0 (w0 — wn)/2 (78)
How stabilizers transform How Hamiltonian terms transform
0 exp(—i . g o ()Xp(’f {9/2) 0
R. = exp(—izZ) = ( 0 i (.xp((i)e/z) X-axis QRZ N ('XP(IQZ) N 0 exp(—i0/2)
y-axis
) y-axis
x-axis Jraxis x-axis y-axis
y-axis
R.XRi =Y R, YRl =-X R XRL= - R.VRL =X

Consider a 2-level system, with levels |0) and |1), and initial state |¢y) = «|0) + 8|1). The Hamiltonian of the
system is Hqunit and and the state of the system at time ¢ is [ (t)),

Hauoit = wgl0) (0] + we[1)(1],  [1h(t)) = ae™™*|0) + Be™"|1). (79)
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The expectation values of X and Z, in the stationary frame is

(X) = 2Re(af) cos|(we — wy)t], (Z) = aa — BB (80)

Therefore, the rotation naturally emerges as a result of energy differences. If we chose to go to a frame that
rotates with w. — w, frequency, then we could turn this into a stationary state.

Next, consider a 3-level system, with levels |0), |1) and |2), with initial state |0) = «a|0) + B|1) + v|2). The
Hamiltonian of the system is

Hautrit = wg|0) (0] + we|1) (1] 4 wy|2)(2]. (81)
and the state of the system at time ¢ is
(1)) = e t|0) + Be™ 1) 4 e r2). (82)

Based on the commonly used parameters, the energy of |2) state with respect |0) state is almost twice of that of
the |1) state, we —wy ~ 6 GHz and wy — w, ~ 11.7GHz. The key concept to notice is how Pauli X or the Rabi
drive is defined.

100
X|1>_‘2> = [8 (1) (1)] , — <X‘1>_‘2>> :aa+2Re(ﬁ7) cos[(wf —we)t]. (83)

Therefore, it is the frequency difference that enters this equation that sets the clock rate for exciting and to |2)
state and its reading. So, no equipment to operate at 12 GHz are needed.
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8. THE HIGHER ORDER TERMS IN PAULI EXPANSION (ARRIVING SOON!)

9. SINGLE-PHOTON DYNAMICAL SPECTROSCOPY TECHNIQUE

In this section we provide a pedagogical illustration of the basics of multi-photon spectroscopy by stepping
through two simple examples. We focus on Hamiltonian dynamics, which is adequate for illustrating the tech-
nique. The Fourier transform in space that was done in Fig.7 is resulting from the space invariance of the
circuit. For simplicity we only focus on the time-energy transformation and do not discuss the space-momentum
transformation.

Consider a Hamiltonian # with eigenenergies w,, and eigenstates ¢,,

7:l<pn = WnPn- (84)
We seek a dynamical approach to learn the spectrum of 7. Consider an initial state vy and its evolution

'(/JO = Z CnPn, Py = e_”:”wo = Z Cn e_iwntSOna (85)

where the complex coefficient ¢, = p,10) is the overlap of ¥y with ¢,,. The desired spectrum of # can be
extracted (e.g. by Fourier transform) from the overlap of ¥y and

(Wolthr) =Y [eal> e nt (86)

This overlap also frequently appears in non-equilibrium dynamics questions.
Consider an initial state |¥,), which evolves under Hamiltonian H to |¥,) = e *!|¥,), and a Hermitian
operator O at site m that we like to measure it at time ¢,

(Uy| O |T,) = (Tg| €H O, e 7 HE | W) = (Wg e O, | W) (87)

which seems neither here nor there as far as having something that gives overlap of final and initial states is
concerned. Now consider an initial state that is sum of two states, in two decoupled sectors that can be joined
by O,,, one of the sectors has one state in it, meaning that there is no evolution in it. For example, when H is
excitation number conserving, and

|To) = 1000...) +]100...) = |vac) + |vo), — |¥¢) = e_th|‘~I/0) = |vac) + e_th|w0> = |vac) + |¢) (88)
Then

Co(m,t) = (Uo| e Opy e [Wo) = (vac + o] € Opy e [vac + 1)) (89)

= (vac| €' Oy, e [o0) + (1ho| €' Oy e |vaic) (90)

= (vac|Oy, et |hg) + (1o e H? Om\vac>, )

(91
since from 4 possible terms only two are non-zero, since O,, takes from one sector to the other, e.g O,, = X,

= (ol e Jopo) + (ol € [vho) = (Woltoe) + (Weltho). (92)

If we set O,,, = Y,,, then

Cy(m,t) = —i{to|the) + i (¢ [vo)- (93)
and thus

C;c(m7 t) + ch(m’ t) = 2<w0|¢t> (94)
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Figure 6. Pulse sequences for determining the spectra of a, a single excitation, and b, two excitations for 4 qubits.

10. HOMEWORKS

Problem 1, Josephson relation. Consider two superconductors separated by a thin insulator, such that Cooper
pairs can coherently tunnel between them with rate I'. Assume the wave-function of the condensate takes the
form of ¢ = \/nTe—Wl, and ¢y = \/1Tge_i9”2, where ,/n; is the amplitude and ; is the phase of the Ginsburg-
Landau wavefunction. The wave-functions are related by i 9y, /0t = T2 and i 92 /0t = T'yp;. Using these
relations, derive the Josephson current relation I = Iy sin(yp).

Problem 2, Transmon Hamiltonian. Given that n < 1, show that ﬁaubit/hwp =4pN? - , can be re-written

cos(9)
8n

in terms of ¢ and af

T\ 6
e 1p H(atalyt, AP ata
H/hw, = ata +1/2 3<ﬁ) 45(\/5). (95)
where
52 iatal), N =% (96)
¢ =2yn(a+a"), = g

Problem 3, Transmon energies. Starting from Eqn. and using perturbation expansion, show that the few
lowest energy levels of Transmon are

1 1 1
wy = wp(5 = 30— gnz),
3 5 9
We = Wp(§ - 177 - §772)7 97
5 13 35, ©7)
Wy = p(2 - ZTI— §77 )5
7 25 91
wn =l = 0= g)

Hint: one needs to compute expectations values such as (0| (a +at)*]0) =3, (1] (a4 a®)*|1) = 15, and
(2| (a + a™)*|2) = 39, where |0), |1), |2) are unperturbed harmonic potential states.

Problem 4, Numerical approach. If you are not interested in perturbation expansion, by numerically finding the
eigen-energies of Hamiltonian shown in Problem 2, show that the relations in Eqgn. provide a good fit for
small n values. Typical values to use are w, /27 =6 GHz, and 1=0.04.

. 1
Problem 5, Eigenstates of non-linear resonators. Noting that A/ = 795’ show that
9% cos(p)

0p? 8n

Hauoit/Tiw, = —4n : (98)
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suitable for setting a numerical difference equation to compute eigenstates v in phase-space (indexed by j)

N 4 5p)2
H; — —ﬁ(%ﬂ — 2 + 1) — % vy — {2 - (3;77)2 } ¥ — (Vjp1 +¥j-1). (99)

Problem 6, Three coupled oscillators. By considering a system of three capacitively coupled oscillators as a
3-port network, write the system of equations that give the eigen-frequencies of the system (see figure).

Answer:
L% —w?(Cq + Coc + Cyq) w?Cyc w?Coq
Det w?Cyc 7. —w?(Co +2Cyc) w?Cyc =0 (100)
w?Cyq w?Cye 7. — wi(Cq + Coc + Cyq)

Problem 7, Frequency tunable qubits. Commonly, in transmons two junctions are used instead of one to form
a SQUID and make a tunable frequency qubit. Show that E; = ®, I;/27 need to be replaced by 2E; cos(¢ext)s
where ¢qy is the external flux applied to the SQUID loop. Obtain eigen-energies as a function of this external
flux.

Problem 8, Physical picture.Can we distinguish 5 photons in the 15 mode (5hw; ) of a cavity and one photon in
the 5 ** mode h(5w;) ?

Problem 9, Phase and charge fluctuations. Using perturbation expansion or the numerical code, find the < 22 >
and < ¢? > for the groundstate and first excited state of a transmon with w,,/27=6 GHz and 7 = 0.04.

Answer: for the groundstate, < Q? >= h/2,/C/L and < ®? >= h/2,/L/C.

Problem 10, Lumped-element approximation. Consider a system of masses and springs. Assume some rea-
sonable values for parameters and numerically solve for the eigen-modes of the system.

kl k12 k23 k4

Notice that in the lowest energy mode of the system, i.e. the fundamental mode, the masses move together. In
higher modes there is a relative motion between centers of masses. Next, assume k; < ki3 = kaz, m1 = mg =
0, and k4 = 0. Note the change in eigen-energies. Studying this limiting case can help you to see the origin of
lumped-element approximation.



20

Answer:

mi; + kjj-1(xj — xj-1) — kjjp1(xje1 —x5) =0

K —w?M]| =0 (101)
k14 ki —kio 0 m. 0 0

K= —kio  kio+kos —kos =0, M = 0 me 0| =0 (102)
0 —kos kos + kg 0 0 mg

Although it is common to say that " capacitance is similar to mass", since there is not obvious connection
between spring constant and inductance (Det(L.—! — w?C) = 0), therefore, this analogy does not provide much
intuition.

Problem 11, Multi-excitation example. Will add soon !
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APPENDIX A. BRIEF REVIEW OF HAMILTONIAN PHYSICS

In view of Hamiltonian principle’s wide range applicability (even though this is an after-the-fact discovery),
it is not unreasonable to assert that this principle is more “fundamental” than Newton’s equations. Hamilton’s
Principle: Of all the possible paths along which a dynamical system may move from one point to another within
a specified time interval (consistent with any constraints), the actual path followed is that which minimizes the
time integral of the difference between the kinetic and potential energies,

to
s (T-U)dt=o0. (103)
t1

Since Lagrangian is defined £ = T' — U, the Euler-Lagrange equations for general coordinate ¢; is

oL doL

- — = 104
dq;  dt 0g; 0 (104)
and the Hamiltonian of the system is given after obtaining the generalized momenta p; = 2
: i
H=Y pjg—L (105)
J

Newton’s equations and Hamilton’s Principle, and the resulting Lagrangian equations, have been shown to be
entirely equivalent. Hence, no distinction exists between these viewpoints, which are based on the description of
physical effects. But from a philosophical standpoint, one can make a distinction. In the Newtonian formulation,
a certain force on a body produces a definite motion-that is, we always associate a definite effect with a certain
cause. According to Hamilton’s Principle, however, the motion of a body results from the attempt of nature to
achieve a certain minimization purpose.

Example 1. A simple pendulum of length [ and bob with mass m is attached to a massless fixed support. Find
the period for small oscillations.

L£0,0)=T U = %(z 6)2 — mgl[l — cos(9)] — 6+ %sin(@) —0 (106)
0 9 . m, o
P=sL=mPd = H=P0—L="300)+mgll - cos(t)] (107)

Example 2. A cube of mass m is attached to a massless spring of constant £ . Find the period for small
oscillations.

k
L:T—U:Tﬁ—ﬁx? - i+ —x=0 (108)
2 2 m
9
Peremi — H=pPi—r="44+52 (109)
a0 2 2
X
; k —
! (LLLITLILY
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APPENDIX B. THE SCHRODINGER AND HEISENBERG PICTURE

There are several equivalent descriptions of quantum dynamics. In the Schrédinger picture the state of the
system is described by a vector |1)5), and the time evolution of it is given by

ik %Id)s) = Hs |1s) — |bs(t)) = Us |0g(0)). (110)

where we define a propagator Us. Generally our goal for going to a rotating frame or interaction picture is
to cancel some part of the evolution by “unwinding” the quantum state. The Heisenberg picture is a specific
interaction picture, where this unwinding is such that the quantum state evolution is completely frozen and only
the operators evolve. Consider a Hamiltonian Hs and switching to a frame that rotates at the rate set by the
associated unitary, Ug. To neutralize the rotation induced by Ug, we want to unwind the quantum state evolution.

[r(t)) = UL [¥s()). (111)

where |¢;(t) ) is the state vector in the rotating frame (i.e. the interacting picture). To arrive at the Hamiltonian
Hjy in this frame,

d d 1 i
—ih$|¢s>=Hs|¢s> - gws)Z—ﬁHs|¢s>=—ﬁHsUsU;|¢s>- (112)
d : d :
Note that a(Ugws)) = UL|ws) + UL —|ws) which follow
Z(U§lvs)) = =3 UgHs Us Us—|vs) + UsUs US| ¥s) (113)
Since |y (t)) = U; |¥s(t) ), the above equation gives
d i : —
%|w[> :_ﬁHI|¢I>’ where HI:USHSUS‘FZHUSUS (114)

Note that in many references the place of U and Ut is changed. To be consistent, we chose U to be forward
evolution in time and U being the backward evolution, which unwinds the quantum state back to time=0.
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For additional reading, please see references [3H8].
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