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What is this tutorial about?

We know qubits are useful but what about oscillators?
[Superconducting circuits, trapped ions, Rydberg atom arrays, Photons]

1) Can we take advantage of their large Hilbert space?

2) Do they offer hardware efficiency in various tasks including
guantum simulation?

3) Can we do quantum error correction with bosonic modes?
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We know qubits are useful but what about oscillators?
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1) Can we take advantage of their large Hilbert space? YES

2) Do they offer hardware efficiency in various tasks including
guantum simulation? YES

3) Can we do quantum error correction with bosonic modes? YES
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(a) Hybrid CV-DV Quantum Processors

Superconducting Trapped ion Neutral atom
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CV: continuous-variable
DV: discrete-variable
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Hybrid Oscillator-Qubit
Quantum Computer Architecture

Applications
e.g., quantum simulation, optimization
Algorithms
DV cv Hybrid

e.g., QFT, CV-DV state transfer
Programming language
DV Cv Hybrid
e.g., Qiskit, Strawberry fields, Bosonic Qiskit

Compiler

.....................................................

Instruction Set Architecture (ISA)
Phase-space = Fock-space Sideband

Abstract Machine Model (see Fig. 3b)

Qubit-centric ~ Oscillator-centric Hybrid
(QCMM) (OCMM) (HMM)

Hybrid Oscillator-Qubit Hardware (see Fig. 3a)

Superconducting Trapped ions Neutral atoms
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PART |- Physics and foundations of hybrid
CV-DV quantum computation

A Continuous-variable (CV) states, operators, representations

A Universal C\\DV quantum computation

A Gaussian (Clifford), non-Gaussian (magic), and hybrid C\/
DV gates

A Measurement

A Experimental realizations: superconducting and trapped

lons
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Continuous -Variable Quantum Computation 101
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Two views of the oscillator Hilbert space:

(a) Discrete but countably infinite Fock basis:
H = wikt= naa

(o8] B ()]

Y)zil0) wl) %2 43+ 38

(b) Continuous position/momentum basis:
Annihilation/creation  a=¥+ipE & @ QY (X) = <X| Y>

operator: A A . -
. — a+ a ~ a- a a A
Position/momentum  ¥1 P E w / 3]

operator: 2 2 H/.
. | > X
[X Bl =

i >
— [ O6Wigneré unif s]
2

delta function] (0w w)Xe (dw)e

Position Phase Space
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Hierarchy of Continuous-Variable (CV) States:

Level 0: Gaussian states coherent state:|a) =& #3| )@ ?@F (#PF )0

Eigenstate of a:  (@|a| 8 = EEHﬁ la= . al | &
vacuum: h= 0

Yo(x)~€” P Y,(x)~e*® P g O
A A A

1 ®
‘ » X }— X
ag

» X : X

aR
Position Phase Space Position Phase
Space

Vacuum state displaced in phase space
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Hierarchy of Continuous-Variable (CV) States:

Level 0: Gaussian states

il@? at e e e
squeezed vacuum: [®=e 2 )2| ) 9 gl EE
Y, (X) = &l O/ p
4 4
— - X
_L’L_)(
Position Phase Space

(area preserving diffeomorphism)
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Q: Is continuous-variable QC the same as qudit-
based QC?

No, because CVs are technically infinite-dimension,
only when truncate will be finite-dimension.

Q: What if we truncate the oscillator to d-levels?
No, because bosonic statistics can be missing.

a|m -+ ]_> = vm + ]_|m> Sqrt(m) is hides the hardness

/ advantages.
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Hierarchy of Oscillator Gate Operations U =@ Ih, (k5 pF
(view any unitary as Hamiltonian evolution)

h(kpE 2ax Bp

Generates displacements in phase space Phase space translations do not commute
A s sija e apE Phase space has constant Berry curvature
D(a) — - aa - |

hermitian polynomial of degree

_aR

Weyl-Heisenberg Group
D(i6,)D( g)=e"™""D( @+ )b
=e?®?D 4z Di(H

sin| e¥@rRA |+ip,

\ >
+a,
CV Analog to the DV Pauli Group
XY = &°/27 Proof: ‘v ,
_ ip Bakeri Campbelli Hausdorff formula: e e = e
=e”YX

Z=X+Y+ 21X Y]+ X, [X, V] + [V [V, X]] +

Equivalently: ¢B+C — ¢—3[B.C]BC
Can motivates the study of CV stabilizer QEC codes, e.g., arXiv:2411.04993

13
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Displacements are the CV analog of the Paulis.

_ _ rotation squeezing squeezing
What is the CV analog of the DV Clifford o CN =l
Group? h (€ pE gw( X 4€p°)+R (x*- pE +R Exp +pY
Quadratic Hamiltonians generate phase space
Recall: rotations and scale changes (squeezing)
DV Clifford operations C map the Pauli group
to itself X rotation'éﬁ 0 cédsg sing x§
_ e B : y
CPC'= R ok 2 8hg cosg pE
What CV operations map displacements to . &K 84 0 Ox&
displacements? SqueeZingga- g ae )
: % 0% o %of
U. =g n(EpE
2 \ Quadratic Hamiltonians generate maps
hermitian polynomial of degree of displacements to displacements
— aat- aa — p?ilae &pE
Xy X _ i X, Y], D(a)=¢ | e
= U,D(a)us =¢e@5 #*PE=D( g)
X, Y], = [X, - [X, [X, Y]] -] Exercise:
n times ShOW I,I I,Ihl,l Ihl,l. I
o e
[x,P]=5 [a, aT] =1 14
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Quadratic Hamiltonians are CV
analogs to generators of the
Clifford group

2-qubit DV Clifford operations like
CNOT can create entanglement:

0) H

—[0e[0-+el]

0) S

CV two-mode squeezing generates
entanglement:

(£ b, B)=E(xp. 4f S(EAE ag

U,|0)A|0) ée‘“”|n> An, (number correlate

Similar quadratic Hamiltonians can geater
U,i|0) AO) 7¥ix|x) |A, (position correlated

How to see this?

Taylor expansion, and re-
collecting all terms for fixed n.

15



NC STATE UNIVERSITY

Non-Clifford DV gates (e.g., T gates)

DV Clifford circuits create entanglement produce 6 ma gstaliGemess). e .
but are easy to simulate classically by needed to violate Bell inequalities and

CV 6Cliffordd circuits N@@d@iﬁor@@\y'g%tési(égﬂgeﬁerra?e&b%/s

to Gaussian states but are easy to cubic Hamiltonians) prc
simulate classically by following evolution Gaussianityd and OWi gner neg:
of mean and covariance matrix of the to achieve quantum advantage.

Gaussians.

| t i s cl| e-G@aussianitydt i & n o Wh «
about O6Wigner negativit

16
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates: Dy(a, B) = [0)(0] ® D(a) + |11 ® D(B), (224)
CD(Q) = Do(+e, —o:) Forreal 1 CD(/B) = e—ziﬁaz;ﬁ’
= €Xp [O'z X (QG,T — a*a)] CD(@,B) — e+2’iﬁaz§?.

Why are these two definitions equivalent? o
[x=P]=5 [a, aﬂ =1
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates: Dy(a, B) = [0)(0] ® D(a) + |11 ® D(B), (224)
CD(Q) = Do(+e, —o:) Forreal 1 CD(/B) = e—ziﬁaz;ﬁ’
= €Xp [O'z X (QG,T — a*a)] CD(@,B) — e+2’iﬁaz§?.

Why are these two definitions equivalent?

[5&515]: [a, CET:| =1

CD(a) = 7=(ea' ~a"a)

1 . 1 x
Z EI@(aaT—a a)f + Z Ecrz@(aaT—a a)k

k=even k=odd
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates: Dy(a, B) = [0)(0] ® D(a) + |11 ® D(B), (224)
CD(Q) = Do(+e, —o:) Forreal 1 CD(/B) = e—ziﬁaz;ﬁ’
= €Xp [O'z X (QG,T — a*a)] CD(@,B) — e+2’iﬁaz§?.

Why are these two definitions equivalent?

[ﬁ,ﬁ]=% [a,a] =1
CD(a) = ¢7-(@a'—a"a)
iki —a’a))®
k=§en EI ® (aal —a%a)* + _i %Jz ® (aa! — a*a)®
= (10} (0] + (1) (1) ® i % —a*a)® + (|0) (0] — [1) (1]) i %(MT )t

k=even k=odd
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates:

De(a, B) = [0){0| ® D(a) +[1){1|® D(B), (224)

CD(a) = Dc(+a, —a) Forreal 5 CD(B) = e~ 2107:P,

= exp 0. ® (aa! —aa)] OD(iB) = & 290:8
Why are these two definitions equivalent? o
[xsp]zi [a, CET:| =1
CD((}!) — e° (aaT—a a)
= 1 T * k
= Z E[az(aa —a*a)]
k=0
B T TT I S
k=even k=odd
— 1 ) — 1 )
=(0) 0| +1) (1)@ > g(aaT—a a)* + (|0) (0] — 1) (1)) Y E(aa’f—a a)f
k=ecven k=odd
— 1 . — 1 .
=|0>(0\®Zg(mf—a a)k+|1)(1\®25 —aa' +a*a)* () (1) foroddk
k=0 k=0

=10) (0 ® D(a) + [1) (1] ® D(-a)
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How does displacement gate work?

D'(a) = D(—a)
D' (a)aD(a) = a + «.

Note:
a =2 +1p
al =% —ip,
This means displacement shifts the

position by Re( ), and shift
momentum by Im( ).

CD(a) [+) ®[0)

Xv —-X = [XaY]n
e“Ye & = RZ_O y
X Y] = X, [ X [X Y]
nt;rrnes
.~ 1 >
= [ dala)al = Y )inl
n=>0
, P
1) ®|—a) 0) ® |a) -

v
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Box IV.2. Phase-Space Rotation Gate

R(6) = e~ %", (148)
Quantum Fourier Transform Gate
x XY
T —iZh Xye X =
F=R(§)=e 3, (149) | | V=2
FT.%F —_ —|—ﬁ (150) nt;lrnes
F1pF = —3. (151)

R(O)|e) = e a), P
R1(0 R(. 9) (&) = (| RI2R|y) g
R'(6)aR(6 —10 = (1| cos@ & +sin p 1)) Le--—"W N

R'(8)ZR(0) = cos 0z + sin 6 p,

) =
) =
) =
Rf (Q)GTR(G) +’&9 T = cos @ (&) +siné (p)
) =
RT(6)pR(0) = cosfp —sinf z,
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Analog of the SWAP on Box IV.4. Beam-splitter Gate
oscillators:

BS(E), (‘0) _ e—fi%[ei""aTb-l-e_i"”abe]. (169)

In the interaction picture, the beam-splitter gate trans-
forms the two bosonic mode operators as follows

ag,, = BS'(6, p) aBS(6, ¢) = cos ga — isin ge“‘"’b
(170)
; 6 .. 6 _.
by, = BS'(6,¢) bBS(8, ¢) = cos §b —isin e “a.
(171)

[BS(Q, QO), Na + ﬁb] = 0.

BS(m,0)|¥,, ¥,) = e 2 tRISWAP|T,, T,)
= 6_1-% [Ratity) |lIlba lI!a)a
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Generate entanglement under Fock basis
between two modes:

Box IV.5. Two-Mode Squeezing Gate

TMS(T’ (10) :e_iVTMst — er(e“‘” atpl—e=5¢ a,b), (183)
where v = grmst. The corresponding symplectic mode
transformation matriz TMS(r, ) is given in Eq. (182).
The two-mode squeezed vacuum state [279]

1 m
TMS(r, ¢)|0,0) = p—— Z [e S"tanh"r] |m, m),

(184)

is an entangled state of two modes characterized by hav-
ing equal photon numbers in both modes. For ¢ = 0 one
can think of this entangled state as the C'V analog of the
DV Bell state

L
V2

which is characterized by an equal excitation number in
both qubits.

Bell) = [|00) + |11)] , (185)

Bloch -Messiah Decomposition

Any 2N x2N real symplectic matrix M can be
decomposed into the form

0 F HE
— 3 r1 —T T2 —T2 N —TnN
Z—Dlag(e e 'teze %2, ..,eN e )

A Allows decomposition of arbitrary two-mode
gate into number preserving and single-mode

squeezing.
4 50) adcoshr+ ié* sinh r
5t a'coshr —ibsinhr
\ 7 N /
BS(—Z”—,:r) Bs(f 0)
b / N\ / \ 5 At s
Bt s(r) bcoshr+ ia'sinhr

b’ cosh r — idsinhr
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Box IV.6. Two-Mode Sum Gate
SUM(A) = e~ #2A%aby — e%(‘”“”("%_b)
SUM(N)|xa) |zp) = |2a)|2s + A2g)

(192)
(193)

where A\ is an arbitrary real scale factor. The factor of
2 comes from the choice of Wigner units in which the
generator of displacements is 2p as shown in Eq. (58).
In the momentum representation, the action of the
SUM gate is

SUM(X)|pa)[ps) = [Pa — Aps)|pe)

The SUM gate can be used to create Bell-like entangled
states of the following form in the position representa-
tion

(194)

—+oo

SUM(A=1) /

— o0

dz () [la:) ® S(r, 0)|0)]

~ [Tavwwem),

— o0

(195)

where we have assumed r > 1 so that the squeezed vac-
uum state S(r,0)|0) is approzimately a position eigen-
state centered at position 0.

This allows quantum
arithmetic on continuous-
variables!

Generate position correlated
(entangled) states.

'%a s(=r) 'ia

Pa \ /' \ / Pa— 4Dy
Bs(20, - g) Bs(r+20,-2)

Xp / N\ / \ﬁb + A%,

Db s(+r) Py
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CMDV comparison

/

\

Aspect Qubits (DV) Bosonic Modes (CV)
Standard Basis Z,{0,1} T, |z)
Conjugate Basis X, |0) £ |1) p, |p) = [ dxe™Px)
Basis Transformation Hadamard Fourier Transform (i.e., e!27)
Pauli Weyl-Heisenberg (e.g., €'*%, ¢'5P)
Group
Clifford Gaussian unitaries (e.g., Eiaﬁzeimzzeﬁlﬁ?)
Channel Pauli/Clifford Displacement /Gaussian
Pauli basis Homodyne
Measurement of X, Z Measurement of ., p
requires Clifford operations requires Gaussian operations
Measurement Non-Clifford Non-Gaussian
(b-7) (a'a, |n)(n|, aa, %, p3, cos ki)
Representation State Tomography Wigner (or Characteristic) Function Tomography
Benchmarking Clifford operations are 2-design (Gaussian operations are not 2-design

Example Entangled State

Bell: |00} 4 |11)

n)1|n)a

EPR (TMS, SUM): T, | ;[ dx|z)1]a)s

Universal Computation

a non-Clifford gate, T : €™/8%
augments the Clifford group
with magic (non-Cliffordness)

. J
a non-Gaussian unitary, cubic gate: eX*
angments Gaussian operations
with Wigner negativity

26
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State Tomography for CV (bosonic) modes

Three equivalent (up to Fourier transforms) representations
arranged in order oflescendingexperimental difficulty

Denst y matrix: rxx) o )Y |% i

Wigner function: W4 3( D" (a ED (4) )Y PE iy

Charactestic function C @ )=( YD( 3| Y & \éegaaA' ah? %

A

A All three provide complete
information about the
guantum state.

A Integration of Wigner function
over one variable gives
probability density (positive).

(s

27
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State Tomography for CV (bosonic) modes

Three equivalent (up to Fourier transforms) representations
arranged in order oflescendingexperimental difficulty

Denst y matrix: r(x,x) & Y [¥% i

Wigner function: W4 3( YD (@aFED (4))YPE iy

Charactestic function C @ )=( YD( 3| ¥ & \é%aaA' ab? )Y

A Wigner negativity causes rapid sign oscillations in Wigner
the quasi-probability distribution, making it difficult negativity
to simulate by classical Monte Carlo to obtain
expectation values of observables: O(X )

A Cannot have true phase space probability
distribution because [% plE O.

28
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Wigner Function Measurement: W(a) =( Y DA -9 ED(- BY; PEJ( 1)aAa=( 1)E

Measure 06di splaced parityd via phase kickback

dispersive coupling between ancilla and

Hadamard Test:

|0> ] H T H /%% Controlled parity gate is generated by the
/
/

‘ w> U oscillator (not natively available in ion traps).
Re(y|U]t) .
H=cZk
= -iliz
- clE=¢ 2
oscillator ‘Y> D(-a)p— CI:E —1D(+3)
Rotates ancilla by angle
phase to prodﬁ{:e_meaéfrement
kickback result §
z=(-1)"
ancilla | 0) H —e— H %
qubit C />

29
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Characteristic Function Measurement: C(a)=( YD(4| Y € |é§3a;\_ aw >

Measure o6di splacement operatordé via phase Kkic

displacement gate

Controlled displacement gate
(also natively available inion traps )

oscillator ‘Y> D(+a) cD (a) = egaaA- aa g
(2)=Rege"C(a)
phase
kickback Eigenvalues of the unitai@ afj
. lie on he unit circle: €
ancilla ‘O> — H —)— RZ ((7) —1 H a One-bit oh o
quibit <) ne-bit phase estiation:

(Z)=RegC(a) g &0
(Z)=ImgC(a)ge & - p2

30
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What about experimental realizations?
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Cavity Quantum Electrodynamics with Superconducting Circuits

-

Cavity: Ty = 1ms — 30 ms
Ty > 100 ms
Transmon: T; =~ 100 us — 300 us
Ty =100 us —1ms

1 mm

Coupling strength and frequency is set once fabricated.

-
~

0z c’f

1

Dispersive interaction (resource)
M. Reagor et al. PRB (2016)

—=w +--.

h

Figure by courtesy of Prof. Chen Wang (UMass Amherst)
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Native Qubit -Cavity Operations

——————————————

é Simply wait for '

At =0/y
Qubit —| Ryy ($) I =
Veryfast — | |
(..81% na:) ~ Oscillator phase space
Cavity E N
------- -@-| [-0-i0-
_i%,ata |€)§+ lg) :

______________

In the rotating
frame of |g)

A The native qubit -controlled cavity phase gate cannot be turned off !

A No real idling gate.

Universal controlling of oscillator with SNAP + Displacement

SNAP(@) = ) e~ n[n)(n]

D(a) = explad

+ _ a*a]
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Trapped lon Quantum Computer

/ 1
/' Coulomb ¢
repulsion

Trap potential

Qubit
control

Trap electrodes

Nature Reviews Materia 892¢905 (2021).

Qubit or qudit ->lon

~

Oscillators |l ons® co

motion / vibration

A Qubit-oscillator
interaction can be
switched on-off by laser

A One qubit can couple to
many modes

Jaynes -Cummings Gate

JC(0, ) = exp [—z’@ (ei""a_af + e_":“"mra,)]

a b 4—p Carrier transition
blue laser @i Blue side-band transition
—p Red side- band transition
1\ —@—
r coolin \ / \ / \ /
d tectio?\ \ﬁ/ \T07/ b/ \/
o/ \/ le, 3)
Ty e
B
dl I><I , 3
Linear Paul trap iy e g,1) 9,2) 193)
9,0) ; Coupled system
Scientific Report$, 3589(2014).
- 900000 k-1
- 000000 Readout / Measurement
(fluorescence of ions)
-000000- |11 "
%



https://www.nature.com/srep
https://www.nature.com/natrevmats
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Oscillator -Only Gates

" Reference
Gate Name Parameters Definition Theory /Exp.
Displacement N
(Box IV.1) aecC D(a) = exp [aa’ — a"d] [279]/ [29]
Phase-space rotation .
R (B(I:x IV.2) 6 € [0,27) R(0) = exp [—ifa'a] [214]/
an)
& Fourier transform |0 = 7/2 F =exp[—iZa'al
S (Single-mode) squeezing . 1 % 2 2
3 (Box IV.3) (eC S(¢) = exp [3(¢"a® — Cal?)] [279]/ [274]
= A
k= Beam-splitter _ 6 /i —i [279, 294]/
z (Box IV.4) 0 € [0,47),p € [0,m) |BS(6, %) =exp [—i§ (e*?a’b+ e *¥abl)] 11, 220
@
3° SWAP 0=m0=mr/2 SWAP = exp [%(a'b — ab')]
<
0] Two-mode squeezing . i tpt _ —ip
> (Box IV.5) reR,pe0,m) TMS(r, ¢) = exp [r (*?a’d’ — e~*?ab)] [279]/ |284]
g Two-mode summing [211]/
§ — 1 1) (bt —
é (Box IV .6) AeR SUM(XA) =exp [3A (a+ a') (b7 — b)] (280, 295]
= Generalized [296]/
2] _ TN kN
% R single-mode squeezing' zeCN 23 Un(2) = exp [za za } [297, 298]
28| Generalized k-mode [z € C,k>3 _ ko tnp  _w1rk mp [299]/
© 2 squeezing i ={ni, - ,nk} Un(z) = exp [z Hprap™ = 2" 1]ms ap ] [297, 300]
E‘% Cubic-phase relR C(r) = exp [—irz?] [2%’)3:1012:93702215/98]
o
.% Self-Kerr felR K(0) =exp [_igama?] [205;1,))3?;7]9] /
3
% .
t.g SNAP? (Box IV.10) |@ = {¢n},n € [0,27)|SNAP(P) =, e "™ |n) (n] [55]/]253]
S
7| eSWAP (Box IV.11) |6 € [0,4x) exp [—i (SWAP)] [304] /[305]
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Hybrid Oscillator -Qubit Gates

Gate Name

Parameters

Definition

Hybrid Oscillator-Qubit Gates

Conditional rotation (Box IV.8)

0 € [0,47)

CR(0) = exp [~io.aq]

=) Conditional parity (Box IV.8) 0=m CP =exp [—z’%o‘zata]
- SQR* [311] (Box IV.9) SQR(G,3) = 5, R (62) ® [} (0
E Jaynes-Cummings” 0, € [0,2m) |JC(0, ) = exp [—i6 (e*?o_a' + e *¥01a)]
<
E Anti-Jaynes-Cummings® 0, € [0,2m) |AJC(0, @) = exp [—i0 (e’ ora’ + e ¥o_a)]
@)
4 |Conditional displacement [56, 60] (Box IV.7) aecC CD(a) = exp [0z (aa' — a*a)]
=T]
=1
2 Rabi interaction feR RB(0) = exp [—ioz(fa’ + 6% a)]
Conditional squeezing ¢eC CS (¢) = exp [20.(¢*a® — (a'?)]
—_ i3 : 0 € [0!47‘-) _ -6 (1. —ip 7T
| § :e Conditional beam-splitter [229] o € [0, ) CBS(0,¢) = exp [—ig0.(e*?a’b+ e *¥abl)]
E82
g T Conditional two-mode squeezing £EeC CTMS(¢) = exp [0 (éa'bl — £ ab)]
)
Cwm
= Conditional SUM gate AeER CSUM(X) = exp [30=(a’ +a)(b' —b)]
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PART Il - Instruction Set Architectures,
Abstract Machine Models, and Compilation
Techniques

A AMMs: How to remove some physical-evel details to construct

abstract machine models for hybrid CV-DV quantum processors?
A 1SAs: What is a minimal set of gates that are universal?

A Synthesis and compilation methods: how to compose the gates

together to achieve a desired calculation?

0, \ e |
A Bosonic QEC 1 o 9
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

| .S | e S s ,©
\@/! L@/‘ 1 K j, : e arXiv. 2407.10381

e

Lo Ll Lo | .e [3D resonator + 1 transmon]
e _\/_J‘_EW_ &g local universal control
) ,© ) ) Motional oscillator modes o
- (e (i (I Minimal cross-talk
FEEE  -E < &
A=AIA=AR A=A IS SEREREL=E o |
O .© High-fidelity parallelizable

~L_,

@ .®
I\ _#\ " /‘F_\ /‘% bosonic communication
? ? ? V © lon qubit SWAP network

- Coulomb interaction

dispersive coupling

U Microwave oscillator /:/ Qubit-oscillator 0 (Drive-induced) qubit-oscillator coupling C.f. iOI‘l-CI] I C Gtﬂ:l@'l l& ll"l"l lﬁ
e

Superconducting qubit o—e Beamsplitter 3 diStinCt AMMS
c) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abs'[rac'[ machine models)
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid
CV-DV quantum processor

S e sz‘@
— - /[

= =

Y S
\
Ay

7

Y

© O )
il e g
SR=as

Qubit-oscillator

Microwave oscillator /:/
dispersive coupling

©  Superconducting qubit e—e Beamsplitter

C) AMM 1: Qubit centric
long-range connectivity
through auxiliary bosonic modes

AMM 2: Bosonic centric
control of bosonic QEC codes
through auxiliary qubits

Hybrid qubit/cavity hardware layer

Trapped ion hybrid
CV-DV quantum processor

Motional oscillator modes

-EE N EE-

@ lon qubit
W Coulomb interaction

7 (Drive-induced) qubit-oscillator coupling

AMM 3: hybrid qubit/oscillator
Hybrid algorithms and simulation of
physical models w/ spins and bosons

arXiv. 2407.10381

-
[3D resonator + 1 transmo

local universal control

Minimal cross-talk
High-fidelity parallelizable

bosonic communication
SWAP network

cf.ion-q | ¢ GtHbO & @ Ki

3 distinct AMMs
(abstract machine models)
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor
| . L o | 0 | S -

I ) G ) > > arxiv. 2407.10381

¥ LI ¥ L, AN

s t® a2 [3D resonator + 1 transmon]
- \iJ "/ %/j* local universal control

] ) 3 *—,@ [ ) Motional oscillator modes ,
4\ i ey e R ;,L < Minimal cross-talk

High on-off ratio (microwave activated) ‘g' \/ \/ %/’ g’

beam splitters between detuned High-fidelity parallelizable
cavities bosonic communication

© lon qubit SWAP network

- Coulomb interaction

No direct qubit-qubit coupling

U Microwave oscillator /:/ Qubit-oscillator 0 (Drive-induced) qubit-oscillator coupling C.f. iOI‘l-CI] I C Gtﬂ:l@'l l& ll"l"l lﬁ
dispersive coupling
©  Superconducting qubit 3 d|St| nct AMMS
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abstract machine mode]s)
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

...H%ji&gfe el T;,ji - = arXiv. 2407.10381

o 1 o o [3D resonator + 1 transmon]

; : :
o local universal control
Y Y] ¥ W

@ ,0 I 9 | ) Motional oscillator modes o
T¥EY B ER)%e
2 ~2 £ 1 .8 High-fidelity parallelizablée
— S | 1\@/‘%6/ = % bosonic communication
T 1 T T @ b SWAP network
: : : : W&~ Coulomb interaction
U Microwave oscillator g bit-oscillator 7 (Drive-induced) qubit-oscillator coupling c.f. ion_q'l
< difpersive coupling
® eI 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abstract machine mode]s)
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

e

arXiv. 2407.10381

Lo Ll Lo | .e [3D resonator + 1 transmon]
e _\/_J‘_EW_ &g local universal control
) ,© ) ) Motional oscillator modes o
- (e (i (I Minimal cross-talk
FEEE  -E < &
A=AIA=AR A=A IS SEREREL=E o |
O .© High-fidelity parallelizable

~L_,

@ .®
I\ _#\ " /‘F_\ /‘% bosonic communication
? ? ? V © lon qubit SWAP network

- Coulomb interaction

dispersive coupling

U Microwave oscillator /:/ Qubit-oscillator 7 (Drive-induced) qubit-oscillator coupling C.f. ion_q'l | C q“:kh u"'j’l lﬁ
S

Superconducting qubit o—e Beamsplitter 3 diStinCt AMMS
c) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abs'[rac'[ machine models)
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor
H o H o H o H @ :
e / 1 arxiv. 2407.10381
~ &
aa® [3D resonator + 1 transmon]
- \/_J‘_@ local universal control
] ) —““/@ Motional oscillator modes o
A [ Minimal cross-talk
LA a= o &
= SEREREL=E o |
1 e e High-fidelity parallelizable
wa\:/_—{_ bosonic communication
i i @ b SWAP network
: : W&~ Coulomb interaction
/:/ Qubit-oscillator 77 (Drive-induced) qubit-oscillator coupling c.f. iOI‘l-CI] | ¢ GitHd @ @ K

dispersive coupling

\/ Microwave oscillator

Superconducting gubi e—e Beamsplitter

3 distinct AMMSs

c) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abs'[rac'[ machine models
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

| .S ® S s ,©
\@/! L@/‘ i j, : e arXiv. 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

‘@’ \/ \/ E/’ g’ High-fidelity parallelizable

©
...H\ 7_#\ K '/‘F_\ /‘% bosonic communication
? ? ‘ ‘ @/ ?/ @ lon qubit

Minimal cross-talk

SWAP network

- Coulomb interaction

dispersive coupling

U Microwave oscillator /:/ Qubit-oscillator 0 (Drive-induced) qubit-oscillator coupling C.f. iOI‘l-CI] I C Gtﬂ:l@'l l& ll"l"l lﬁ
e

Superconducting qubit e—e Beamsplitter

3 distinct AMMSs

c) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abs'[rac'[ machine models
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of
through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

515@) :©J4@Jﬁ4@
— | — '

arXiv. 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

‘@’ \/ \/ E/’ g’ High-fidelity parallelizable

©
...H\ 7_#\ K '/‘F_\ /‘% bosonic communication
? ? ‘ ‘ ?/ ?/ @ lon qubit

Minimal cross-talk

SWAP network

- Coulomb interaction

U Microwave oscillator /:/ Qubit-oscillator 0 (Drive-induced) qubit-oscillator coupling C.f. iOI‘l-CI] I C Gtﬂ:l@'l l& ll"l"l lﬁ
dispersive coupling
©  Superconducting qubit e—e Beamsplitter 3 diStinCt AMMS
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator ( (abs'[ract machine mode]s
long-range connectivity control of bosonic QEC codes Hybrid algorithms and simulation of |\

through auxiliary bosonic modes through auxiliary qubits physical models w/ spins and bosons

Hybrid qubit/cavity hardware layer
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Three AMMs and Their Characteristics

Spins/Fermions

Physical Physical Physical Physical
AMM Type Subtype Qubit Oscillator Qubit Bosonic
Role Role Instructions Instructions
Qubits Computation Memory Universal Single-oscillator
QCMM + Bosonic (error corrected) error correction
(qubit-centric) Memory
Bosonic Computation Communication Universal Entanglement
Bus swapping
Bosonic Computation and I/O Sensing Universal Displacement,
Sensing Jaynes-Cummings
Boson I/0 Computation Boson State Displacement,
OCMM Sampling preparation Multi-mode Squeezing,
(oscillator-centric) and Multi-mode
measurement Beam-splitter
Bosonic I/0 Simulation Boson State Universal
System preparation,
Simulation evolution, and
measurement
HMM Hybrid Computation Computation Universal Universal
(hybrid CV-DV) Simulation of Simulation
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H=xyZa'a=yZn

Trapped ions and Circuit QED Circuit QeED
WALy RSLIBYRSYd F2NDOsa 2y YAXKSNEY) ¢yFRN® SN RSLISYRSY

%, CD(a) = ¢Zlaa’~a%a) i SQReew| X0, |m)(n|

m

Phasespace instruction set Fock-space instruction set

n)

(W Conditional displacement () Photon numberselective qubit rotations

() Single qubit rotations () Unconditional displacements

(W Beamsplitters (W Beamsplitters

(2022) Heereset al., PRL (2015)
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Short course on quantum control theory

A two-level system (qubit) is controllable with classical drives

V(1) =g (t)cost )+, €)sin(ut) g5
e | 1) =
Interaction pictureH, -  Protating wave approximatio A hw,

VH© o mX BOY NN M [Hem s

——|0)=[g)

whereX andy aredli matrices in herotatingfrane

[X,Y]=2iZ
Hence a qubit with two classical congq)(t), q,(t)

is fully controllable.
[Lie Algebra generates the full SU(2)e_group.]

A guantum system is controllabit the Lie algebra generated by the available
controls spans the space of operators on the Hilbert space, i.e., -iahkl
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A guantum harmonic oscillator ot controllable with classical drives

—_ 3
V() = @) coslut )+ o, €)sin(ut ) g ") hug
Interaction pictureH, - 0 ) rotatg wave approximation: —_— [2)
V() ~ o, 0)k+q, () pE NN | [H, = hug a*a
wherekt ang Eare phase space coordiriatéd® rotating fram — |

hwg,
[ plE ih —— [0
Operato algebra closes.
Classical drives can displace/boost the oscillator QE:g.,XE [ssical )

to create coherent states, but cannot create, efpckstates.
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In order to fully control a harmonic oscillator, we require
an anharmonic object (e.g., a qubit) as an auxiliary controller.

Phase-space Instruction Set (trapped @md cQED)
H=c $a”a [Dispersive]

With drives on the cavity and qubit warcgenerate
lon-trap-like 'spin-dependent’' fosce n RVA:
V=gq(t)k )k [§]« canalsob& orY

This in urn genertes contrded displaceents.

Non-trivial commuétor of d ffereh aua labl cont terms
[¥X, p¥ = ( xp B 3Z (dorid tional sgee ing!)

Foror v v NN

T N R I T T W

...........

Y
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[XX, p¥ = { xp & X Z(¢ortditional squeezing!)

[EX,[xE pYE=( X p 0 mEEE EE
Operator algebra doest clo¥e univecsatrol

With Trotter-Suzuki + Baker-Campbell-Hsdorf we can exponenteasums of operato

and products (i.e., commutators) of aers generate universal (effective) Hémmian
generators of unitaries:

e

H:[(Ep)sé) Kx B Ewith 's (X.Y,2)

N

Arbitrary polynomials of bounded order
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Instruction Sets for Oscillator and Hybrid Oscillator -Qubit Universal Control

Instruction Set Name Minimum gate set Sections

Gaussian G ={D(w),S(¢),BS(0, ) or TMS(r, )}

Linear
oscillator
control

Sec. IVB
and
Cubic G+ Us (2) Table IV.2

Quartic G+ Uy (2)

Universal
oscillator
control

SNAP {D(a),SNAP(5), BS(0, ) or TMS(r, )}

Phase-Space CD(B), R, (0) ,BS(0,
p {CD(8), R, (6) ,BS(0, )} See. TVD

_ o and
Fock-Space {SQR(Q, #), D(a), BS(6, so)} Table IV .3

Universal
hybrid
control

Sideband {R, (0),JC(6),BS(0,¢)}
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ISA Example:  (Echoed) Controlle®isplacement + Qubit Rotations

Conditional Displacement Ge
D = expg it( QX é;p).sz

g J

oscillator

qubit

Fast Universal Control of an Oscillator with Weak Dispersiv
Coupling to a QuhitA. Eickbusch et al. (Devoret Lab)
Nature Physic&022)

Qubit Rotation Gate

905 & 4sin j &

R(@=e

ECD=s"D,

—[ECD (,ﬁl)HECD (82 )}_@_
{le (91)]-‘-[%2 (92)]--— ----- Ry (O8)

Circuit depth <

~
—~
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(Echoed) Controlledisplacement ISA:

momentu

Re(C)
1

a 11} 12) 13) |4) 15) 16} |7) [8) |9) Eickbusch et al. (Devoret Latature Physic62022)
0
10 Fos . . . . .
E ;.&%ﬁ. 0) |g) — ) |g) Numerically optimized circuits _to solve the disentangling
[ Ve R problem and create correct unitary.
» o WNET g
10 E .'\‘\\.‘ ‘\ "a\
R AR NUN NN
| [ AN RN -‘{\ Qs - oscillator
e SEANR R | coaom @
E LY LY
v S ‘»
Vol g R Ry (01) B By (02) B———ssed Ry (O)
10—3 111 ? 1 _‘ 7 L1 9 1o bk { } -
o 2 4 .tﬁd thBN 10 12 14 t KFaS { LI OS Wt 2 NI NI A
& clreutt dep This is Photon FockState Generation
4 F 1) 2 - 4] | e |5)
Ei ’ A‘ i}":;;-)fi;' y: { :.\'*. ‘1
EEOT B (‘3@5 ' AME -f\@)} ¢
n::‘*"l,r' +,_: 5 F
_4 - : == : ‘i'"t,.\\r #1:
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-4 0 4 -4 0 4 -4 0 4 -4 0 4 -4 0 4
positio Re(B)

n
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(Echoed) Controlle®isplacement ISA:

circuit depth N

Fast Universal Control of an Oscillator with Weak

Dispersive Coupling to a Qub#. Eickbusch et al. (Devoret

Lab)Nature Physic2022)

Squeezed states

4 Squeezed states 48 GKP states b 0ds | [47 48] [67 48] [62dB]| [S8dB] [T09dB| Re(C)
O I+2) 6r i i B i i L
8 I { ] 24 F Q |4+Y) 6
7k oo | = A |-2) o 3k - - - 8 - 05
c 20F . X
6 [ 1) a o] Q
5} (Y ) - A =
£ 12} -3 s 8 - - - -05
4t e S
L& B
3reeee (o) -6 | L L 5 5 5 =40
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 8 9 10 41 12 43 14. 45 16 <5 0 2<2 0 22 0 2=30 22 00 2-7'0 2
squeezing (dB) squeezing (dB) Re(B)
|+2) [+X) +Y) g _1+2) [+Y) -2)
B B B . N i e il S, A % SR
- o - L J 2 |i W . = 0N B I
- £ H LR O | Sl :’3 e
e v .- \‘ Tt a4 B4R 5 A48 By
- - - o N . S Rk .
] ] ] ] ] 1 ] 1 =2 [ i S e i i
-3 0 3 -3 0 3 -3 0 3 2 -10 1 2 2 -10 1 2 2 -10 1 2
Re(B) Re (8) /V2m

Binomial QEC code word states

GKP QEC code word states

55


https://www.nature.com/nphys

NC STATE UNIVERSITY

Numerically optimized gate sequences are
highly expressive (efficient)
but
Incomprehensible

o S 28 GKP states 08 | [47d8] [67d8] [82a8| [98aB| [100dB| Re(C)
o H‘Z) 6 = = - - - 10
8 { ] 24 O 1+Y) 6
N _z 3k L L L L 05
z 7 °0 | z 4 AI-D < _ ‘
s 6 LX) o o] S
E 3 16 & g0 '. i K [ [ o4
5 s YY) 3 - =
5 4L - £ 12 -3 L L 5 L -05
oL & B
3reeee () s 5 - 5 5 -1.0
2 1 1 1 1 1 L 1 4 1 L 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 9 10 11 12 13 14 15 16 —3 0 2-2 22 0 2
squeezing (dB) squeezing (dB)
* +2) +X) +Y) 4 +2) I-2)
RiLn Fe g g 5 ?
s [ ‘ - \ 1 TEEE
20 H - -'. ' dr 8 5 ¥ : : 0 6. 5
= \ - . . " s i . &
-3 - - v : : : o
; ; ; . : : ; ' : Joe iy i o ] [ g
-3 0 3 -3 0 3 -3 0 3 0 1 2 2 -1 0 1 2 2 -1 0 1 2
Re(B) Re (8) /V2r
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Hybrid CV-DV Architecture

Comepiler/Transpiler
Qubit centric  Oscillator centric Hybrid
Transpiler-visible AMMs

Instruction Set Architecture

Hybrid Oscillator-Qubit Device

High-level instructions

3 Connectivity, QEC options,

Error model , e

Low-level instructions

Are there ways to analytically
synthesize oscillator -oscillator and
multi -qubit gates?
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Oscillator-mediated multi-qubit
gates (ion traps and circuit QED)

Displacement of oscillator: D(a) — eaaT —a’*a

Qubit-controlled displacement: CD(oz) — eZ(O‘GT_a*G)

The key ingredient:
Phase space displacements do not commute A warmup example: RZ(Q) =€

..........................................................................................................
. e
o .

P

lo]
@
y
4
@

.,
* 8
-------
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Example Entangling Gate: ZZ(Q) — e—i%21®22

g% ®2= CD, (- ia)CD, (+ 4CD, ( + JCD,( - ). S

\ g

o

Note: CD, =SWAP,, COSWAP,

il
BE

4 possible closed loop
In phase space:
Z,Z,= + YCW
ZZ,= 1 YCCW
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[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

)
(a) ! Cavity 2, Qubit 2 Cavity 1, Qubit 1

Beam
—_— — X ?) —_— — X
plitter

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,
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[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

Cavity 2, Qubit 2 Cavity 1, Qubit 1
P P

Beam
—_— — X ?) —_ X
plitter

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,
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[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

Cavity 2, Qubit 2 Cavity 1, Qubit 1
p ?
Beam
- X @ —_— — X
plitter |

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,
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[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

Cavity 2, Qubit 2 Cavity 1, Qubit 1
p ?
Beam
X @ —_— — X
plitter |

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,

63



NC STATE UNIVERSITY

[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

Cavity 2, Qubit 2 Cavity 1, Qubit 1
P P

Beam
—_— — X ?) X
plitter

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,
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: : : iz &
Example qubit-qubit entangling gai&Z g € ¢ 2 ‘Movie' for the cas@, =7, =1
Cavity 2, Qubit 2 Cavity 1, Qubit 1
P P
T A
. Beam
| —X gplitter ‘ X
4
A= +a? DN %E 7% %= CD, (- ia)CD, (+ 4CD,( + LD, ( - ).
y 5 T 5 y Note: CD, =SWAP,, COSWAP,
Rzz(e) - 6_2321@)22
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: : : iz &
Example qubit-qubit entangling gai&Z g € ¢ 2 ‘Movie' for the cas@, =7, =1
Cavity 2, Qubit 2 Cavity 1, Qubit 1
: :
Beam -
‘ X gplitter | —X
4
A= +a? DN %E 7% %= CD, (- ia)CD, (+ 4CD,( + LD, ( - ).
y 5 T 5 y Note: CD, =SWAP,, COSWAP,
Rzz(e) - 6_2321@)22
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[z &

Example qubit-qubit entangling ga®#Z g € p 2 '‘Movie' for the cas&, =Z, =&

(a) i Cavity 2, Qubit 2 Cavity 1, Qubit 1
? ?
Beam
—_— — X @ —_— — X
| plitter |

e 2% %= CD, (- ia)CD, (+ 4CD,( + ¥CD,( - ).

Note: CD, =SWAP,, COSWAP,

67



NC STATE UNIVERSITY

.i%7 &

Example qubit-qubit entangling ga&Z g € p 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

(a) p p p

B
—_ qx@) —_ —X
plitter

& g2 %= CD,(- ia)CD, (+ ACD, ( + ¥D,( - ).

Note: CD, =SWAP,, CDSWAP,

Qubits 1 and 2 can be separated by arbitrary distance
High fidelity SWAPS F=0.999 (0.9998 with post-selection on
photon loss)

No dependence on oscillator state!
(Disregarding photon loss, cavity self-Kerr)
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More multi-qubit gates
Details in arXiv. 2407.10381

Toffoli

1) (1], 1) (1], @ [1) (1],
All other states: A =0 All other states: A =0

Arbitrary Pauli-Weight Multi-Qubit
Gates
.0 N
N-qubitgates: e ‘2"  P=Q)P P e{l, XY, 2}
i=1
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Many interesting open questions

Local Alternating Quantum Classical Computations #@ ® = ° ~ °
LAQCC Computational Model (arXiv:2307.14840) # 1 = [ ?
AR =4
e le |.e
* Mid-circuit measurement and feedforward i g . /}L
\@’ A=
T | I

* “Free” qubit ancilla bus
* GHZ state injection: (constant-time) non-local gates between oscillators

E> Quantum simulation with long-range interactions ¢

|:> LDPC error correcting codes with non-local stabilizers 2

E:> Non-local Multi-mode bosonic codes ¢
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[ Hybrid DV-CV Quantum Algorithms ]

1
| |
™ r

Key t_o unleash [ Measurement [ ~ Unitaries ]

Hybrid CV-DV g - -

computational — r : )

pOWgrl Natlve Gates Non_Native Gates * Oscillator-mediated multi-qubit gates
' (e.g. beam-splitter) | e

@ A=-o?

A= +a? I; Ryz(6) — ¢~i52102>

T T T\ (T T T & - l > ;y‘[)l lrlil\’llti lf 4 CD gates
>INg'e I  Multi-Qubit Y| Multi-Oscillate | __|__|° <
Qubit-Oscillator I Entangling Gates : Entangling Gat
Unitaries g g L g 9 . Arbitriry Pauli-V\{:eight Multi-Qubit Gates
/ e—i3P P:@P, P, e {I,X,Y,Z}
Trotter-Suzuki & . -
| Product Formulas Analytical Gate e.g. Controlled
| Qsp : Synthesis beam-splitter
' Lcu /
N

Approximate Numerical Compilation
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Two Representations of Hybrid CV  -DV Operators
(n qubits, m oscillators)

P : generators for n-qubit

A H?anltlan Generator Picture system (e.q.. Paul)
H = Z thk (j1’ﬁ1, :%211’)‘2, . ’fi-m, ﬁm) e.g., single qubit-oscillator:

k=0 H = hO(:ﬁaﬁ) + Hl(i}:ﬁ) ) 51

A Unitary Picture

s o ) wj — 6-|—’L'2]Cj§:j'
U:AO(w13w2a”' y Wiy, V1,V2, "+ ?Um) ]
471 ri}j — 6_12)‘::'29:1'

+Z § PkAk(w1:w27"' y Wiy U1, V2, " " avm)
k=1
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Origins of QSP: Robust Spin
Rotation Control in NMR

Rf(e) _ 6—i%[cos(go)ax—l—sin(<,o)cry] -

Drive pulse phase Drive pulse amplitude
[9:7r/2and9020\

Error‘ NO error on e \%ﬂow )
0 = (r/2)(1 +¢)
\ roughly constanmtime /

Composite pulses:
BBlgg,z = Ry, (29)R<P2 (49)R<P1 (QB)RO (9) :
—lp1 = cosT!(=1/8), p2 = 31 <0‘z> ~ 1 — 3.766

n
BBlgO’y = Z(+§)BB190,$Z(_§)




