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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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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? YES

2) Do they offer hardware efficiency in various tasks including
gquantum 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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© Superconducting qubit @ lon qubit © Neutralatom qubit
7, Dispersive interaction 7% Sideband interaction 7 Sideband interaction
' . . - ; Oscillator-oscillator . .
Oscillator Qubit /") Oscillator-qubit —s > < Qubit-gubit
Q‘ S < (beamsplitter) 9
Computational components Native interactions

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

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

» Universal CV-DV quantum computation

« Gaussian (Clifford), non-Gaussian (magic), and hybrid CV-
DV gates

* Measurement

« Experimental realizations: superconducting and trapped

ions
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Continuous-Variable Quantum Computation 101

2
p 1 Qubit Q. Oscillator
‘: H[} = — 4 —mw§$2
= 2m 2 4 7
rﬁ: Cool it down to very low temperature ﬁ I \
g “quantize” I - |2)
=) A ‘ |1>
_ ! \‘ /
D Hy —wg(ﬂ+2) 2 10)
4 Bosonic Quantum States A . i(at —a) 4 Bosonic Quantum Gates I
o=[1o0o0 -] | - P=""7 / o a
¢ ) =X n) | > = *hii‘-sp)| )
=010 " n=0 _ a+a ¢ _ E—w
2)=1[0 0 1 0 ]f ¢, € C &= /2 Single-oscillator gate
J \_ + gates to Entangle two oscillators -
o1 0 0 0 -1 0 0 h(z,p) i i T, P
1 0 V3 0 .. Lo v o (ﬂ: p) is a function of T, p
g= 110 v2 0 V3 | soifov2 0 -3 6B
V2o 0 V3 0 2o 0 v5 0 Recall: R (0) = e "27'7  o2=1
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Two views of the oscillator Hilbert space:

(a) Discrete but countably infinite Fock basis: 2
T

H=wn=wa'a 3

Y =, [0) s, [1) 4, |2) 47, [3) .. In)r

(b) Continuous position/momentum basis:

Annihilation/creation a = x+ip at=%—-ip wk)= <x | LIJ>
operator: Qi g A |x> /| ) f
Position/momentum X = p= x!1P1p

9

operator: 2 2i 4/.
l > X

[)’&’ ﬁ] — — [‘Wigner’ units]
2

:X/p

delta function §(x — x) = (x|x’) Position Phase Space

8
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Hierarchy of Continuous-Variable (CV) States:

*
aaT - a

e

Level 0: Gaussian states coherent state: |a) 0) = el 0)

Eigenstate ofa:  (a|a|a) ={(a|X+ip|a)=a, +ia, =a

vacuum: |n=0)

—x2 —(x—oz)2
X)~e p X)~e p
Vo (x) ’ W, (%) ~ P ),
ol @
‘ > X —x
aR
> X I 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

—ii(a —a

) e
squeezed vacuum: [0 )=e ? |0) = e #(#+P

0)

p,(x)=(x|0,) P
* A
— -
™
_L_L.—x
Position Phase Space

(area preserving diffeomorphism)

10
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Visualizing flows in phase space can be
useful:

[Classical] squeezing Hamiltonian

H = px
&= oH _ X x(2) = x(0)e’
op

fe-Sl=p p)=p(O)e”
X

x(t) p(t) = constant

11
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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 = e_i hy (X,P)
(view any unitary as Hamiltonian evolution)

hermitian polynomial of degree n

h‘(fc [5)_ a X - aRp]

Generates displacements in phase space Phase space translations do not commute
e Phase space has constant Berry curvature
2ila;x—app]
D(a) =e™ “aa - QHlari-ay

< A
Weyl-Heisenberg Group
. +iag B . _iﬂ eZIQRﬂI _Hﬂ]
D@ D(ay)=e ™" D(a, +if;) ! x
= e+2iaRﬂ1D(aR )D(if,) v
>
+a,
CV Analog to the DV Pauli Group
: Proof:
XY =€e"Z oo v
- Baker—CampbeI |I-Hausdorff formula: e e” = e
=e”"YX

Z=X+Y+ XY+~

2 51X, [XaY]]Jr%[Y, Y, X]] + -

. 12
o
[x)p]:a I:a, aT:I — ]. )
Equivalently: ¢B+C — ¢—2[B:CloBC

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 . .
Group? hz(x,p):[a)(x +p )+R1(x 4 )+R2(X +px)]
Quadratic Hamiltonians generate phase space
Recall: rotations and scale changes (squeezing)
DV Clifford operations C map the Pauli group
to itself ; ot X' cos@ —sinf )\ x
rotation: =
CPC' =P )24 +sin@ cos@ )\ p
What CV operations map displacements to - X' e 0\ zx
displacements? squeezing: | (= P | A
p 0 e J\p
[J. =g P
2 \ Quadratic Hamiltonians generate maps
hermitian polynomial of degree 2 of displacements to displacements
_ ad-d’a _ 2i[a;x—oppl
eXYe X = i X, Vi D(a) ¢ _ eA, .,
= U,D(a)U] = &™) = D(a")
X, Y], = [X, - [X, [X, Y]] -] Exercise:
n times Show [h;, hy] = hy, [hy, [hy, h4]] = hy, [hz, hq]n = By’
. oay
[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:

N on A a 1, .. ] ;
hz(xpppxzapz)zz(xlpz+p1x2):§<afa2_alaZ)

n)®|n), (number correlated)

U,|0)®[0)oc D e
n=0

Similar quadratic Hamiltonians can generate

>®| oc Idx | > (position correlated)

How to see this?

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

15
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DV Clifford circuits create entanglement
but are easy to simulate classically by
tracking stabilizer evolution

CV ‘Clifford’ circuits map Gaussian states
to Gaussian states but are easy to
simulate classically by following evolution
of mean and covariance matrix of the
Gaussians.

Non-Clifford DV gates (e.g., T gates)
produce ‘magic’ (i.e., non-stabilizerness)
needed to violate Bell inequalities and
achieve quantum advantage.

Non-Clifford CV gates (e.g., generated by
cubic Hamiltonians) produce ‘non-
Gaussianity’ and ‘Wigner negativity’ required
to achieve quantum advantage.

It is clear what ‘non-Gaussianity’ is. What
about ‘Wigner negativity’?

16
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates:
D¢(a, 8) = [0){0| ® D(a) + [1){(1| ® D(B), (224)

D = D, g —2iB0.p
¢ (o:) (ta o:) ; . Forreal g CD(/B) =e %P P,
= exp [oz 0% (aa — a)] CD(if) = ot2iB0zd

Why are these two definitions equivalent?

[4,51= % [a,a] = 1
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Box IV.7. Conditional Displacement

Deep Dive on Hybrid Gates: Du(a, B) = |0)(0| ® D(a) + 1)1 ® D(F), (224)
CD(Q) = De(+a, —o:) Forreal g CD(/B) = e—ziﬁaz;ﬁ’
= exp [o‘z X (aaT — Q{*a)] CD(%B) — e+21}50z§:.

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:
D¢(a, 8) = [0){0| ® D(a) + [1){(1| ® D(B), (224)

CD = D, g —2iB0.p
() e, =) ; i} For real g CD(B) =e 2P P,
= exp [oz ® (aa — a)] CD(iB) = o+2iB0d

Why are these two definitions equivalent? g
[xsp]zi [a, CET:| =1

CD(O:) _ eaz(aaT—a'a)

~ Y Lio.(ad —a%a)*
k=0

Z EI@(cm —o*a)k + Z %Jz@)(aaT—a*G)k

k=even k=o
o0

= (00l +I) (e 3 (e’ —ata) +(0) 0]~ [1)(1) 3 1 (aal —a%a)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) = D.(+a, —« 2805
() o(+a,—a) ; i} For real B CD(B) =e hosp
= exp [az 0% (aa — a)] CD(i/’)’) _ ot2ifosd
Why are these two definitions equivalent? g
[xsp]zi [a, CET:| =1
CD((}!) — e° (aaT—a a)
o0 1 .
=2 E[C'z('ﬂ“ffr —a*a)l®
k=0
- S ot wats 3 Lo tar e
k=even k=odd
— 1 . — 1 .
= (o)l +1)(1he ) -7(aa’ —a%a)* +(10) (0] - [1) (1)) > (aa’ —a%a)*
k=even k=odd
1 . o 1 .
= [0) (0| ® Z H(aaT —a*a)" + 1) (1| ® Z o —aa' + a*a)F —(a)* = (—a)* forodd k
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(a), and shift
momentum by Im(a).

CD(a) [+) ®[0)

xv.-x _ %KY
e”Ye —RZ_O y
X Y] = X, [ X [X Y]
nt;rrnes
~ 1 >
f=— [@ala)al= Y In)nl
n=>0
P
1) ®|—a) 0) ® |e) -

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

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
M - 01 Z 02
Z = Diag (erl et e e L. ,e’"N,e_TN)
» 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 hY /
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()) = e~i2\ats — 3 (ata)(b'-b)
SUM(A)|za) @) = |2a)|Te + Axa)

(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) / 4z ¥(z) [12) ® S(r, 0)[0)]

— o0

~ f+00 dz ¥(x) [I:B) ® |:B)] : (195)

— o0

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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CV-DV 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 of descending experimental difficulty

Density matrix: p(x,x") = <x‘ T} <\P x’>
Wigner function: Wa)= <‘P ‘ D' (-a) P D(—a) ‘ \P>; P= (—1)“T“
. . [t -]
Characteristic function: C(a) = (‘P ‘ D(a) ‘ ‘P) = (‘P ‘ e ‘P}
p

 Allthree provide complete
information about the
quantum state.

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

|¥(p)|?

27
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State Tomography for CV (bosonic) modes

Three equivalent (up to Fourier transforms) representations
arranged in order of descending experimental difficulty

Density matrix: po(x,x") = (x ‘ ‘P> (‘I’ x’>
Wigner function: Wax)= (‘P ‘ D'(-a) P D(-a) ‘ ‘I’}; P= (—1)“T“
aaT—a*a
Characteristic function: C(a) = (‘I’ ‘ D(a)“l’} = (‘I’ ‘ e[ ] ‘P}
« 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, p)

« Cannot have true phase space probability
distribution because [, p]#0 .

28
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Wigner Function Measurement: W (a)=(¥|D'(-a) P D(-a)|¥); P= (=1)* = (=1)"

Measure ‘displaced parity’ via phase kickback on controlled parity gate

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

Hadamard Test: dispersive coupling between ancilla and
) ‘ w> / U oscillator (not natively available in ion traps).
Re(y|U|¢) / .
H=yZn
n ~iZhz
cP=e
oscillator “P> D(—a) p— cP — D(+a)
Rotates ancilla by angle
0=rmn
phase to produce measurement
kickback result A
z=(-1)"
qubit C />

29
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aa* —a*a}

Characteristic Function Measurement:  C(a) =(¥|D(a)|¥)= <\P|e[

)
Measure ‘displacement operator’ via phase kickback on controlled

displacement gate

Controlled displacement gate
(also natively available in ion traps)

[aaT—a*a]Z

oscillator “P> D(+0!) CD(O!) =e
(Z) = Re[eieC(a)]

Eigenvalues of the unitary C(«)

ancilla ‘O> —1 H 00— RZ ((9) H ﬁ lie on the unit circle: e

qubit 7D One-bit phase estimation:

phase
kickback

<Z>:Re[C(a)]; 0=0
<Z>:Im[C(a)]; O=—-m/2

30



NC STATE UNIVERSITY

What about experimental realizations?
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Cavity Quantum Electrodynamics with Superconducting Circuits

-

o N———

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.

-
~

0, c’f
_=a) —
2

P a+a)q2 XaqQ + e

1

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

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

——————————————

g Simply wait for '

At =0/y
Qubit —| Ryy ($) I =
Very fast / E I
(._1% ns) Oscillator phase space
Cavity DH\
------- 0| |0
e—i%@&*ﬁ |€)§+ lg) :
““““““““ In the rotating
frame of |g)

« The native qubit-controlled cavity phase gate cannot be turned off !
 No real idling gate.

Universal controlling of oscillator with SNAP + Displacement

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

D(a) = explad

+ _ a*a]



NC STATE UNIVERSITY

Trapped lon Quantum Computer

a b @——p Carrier transition
g Sl ; blue laser @i Blue side-band transition
\ : 4—p Red side- band transition
‘ - \ fij2)— —lah‘.\/f / \_O_//
Qubit /“5 _&_ / Coulomb ‘-4 r cooling \ /\—/ \\_O_/ H
Trap potential \®/ \—/ 2) |61 3)
1 ’
2 ]
rap electrodes dl IXIX ,3
' . i Linear Paul trap iy e g,1) 9,2) 193)
Nature Reviews Materials 6, 892—-905 (2021). \g,0) Coupled system
Scientific Reports 4, 3589 (2014).
Qubit or qudit -> lon o0 "' 00 k-1
Oscillators: lons’ collective '
motion / vibration
CEORRRR uoneseonen of one)
* Qubit-oscillator ;
interaction can be - 000009 k41
switched on-off by laser :
* One qubit can couple to "
many modes 4

Jaynes-Cummings Gate

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



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

« AMMs: How to remove some physical-level details to construct

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

» Synthesis and compilation methods: how to compose the gates

together to achieve a desired calculation?

. /N \ S |
d B E - | “<
osonic QEC WY
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

arXiv: 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

S | BEEE
High-fidelity parallelizable

Vg ,/v© ,/'©
e d) /'.#\ \/‘F-\ /‘% bosonic communication
Y &S © mus

Minimal cross-talk

SWAP network

- Coulomb interaction

U Microwave oscillator /:/ Qubit-oscillator % (Prive-induced) qubit-oscillator coupling c.f.ion-tra 0] ‘all-to-all’
dispersive coupling
©  Superconducting qubit o—e Beamsplitter 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abstract 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

arXiv: 2407.10381

-
[BD resonator + 1 transmon

ocal universal control

Motional oscillator modes

BEVEE .
High-fidelity parallelizable

L8 2©
.\ /‘_#\ /l \/‘F.\ /‘% bosonic communication
Y & & o

Minimal cross-talk

SWAP network

- Coulomb interaction

U Microwave oscillator /:/ Qubit-oscillator % (Prive-induced) qubit-oscillator coupling c.f.ion-tra 0] ‘all-to-all’
dispersive coupling
©  Superconducting qubit o—e Beamsplitter 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abstract 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

arXiv: 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes -
< Minimal cross-talk
\

High on-off ratio (microwave activated) ‘gr \/ \/ 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 % (Prive-induced) qubit-oscillator coupling c.f.ion-tra 0] ‘all-to-all’
dispersive coupling
. . B I o
©  Superconducting qubit 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator (abstract 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

"/ Microwave oscillator bit-oscillator
persive 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

EEVEE-

@ 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 transmon]
local universal control

Minima Lk

High-fidelity parallelizabl
bosonic communication
SWAP network

c.f. ion-trap ‘all-to-all’

3 distinct AMMs
(abstract machine models)

41
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a) Superconducting hybrid b) Trapped ion hybrid
CV-DV quantum processor CV-DV quantum processor

arXiv: 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

Minimal cross-talk

VYN BEVEE-

.8 .8 .8 . High-fidelity parallelizable
el /‘_#\ - /‘F_\ /‘% bosonic communication
? ? ? ET/ © lon qubit SWAP network

- Coulomb interaction

U Microwave oscillator /7,  Qubit-oscillator % (Prive-induced) qubit-oscillator coupling c.f. ion-tra 0] ‘all-to-all’
< dispersive coupling
e

Superconducting qubit o—e Beamsplitter 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/.oscilla.tor (abstract 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

Trapped ion hybrid
CV-DV quantum processor

: 5 : -
= arXiv: 2407.10381
SRS

[3D resonator + 1 transmon]
local universal control

i
LT
g
A

Motional oscillator modes

.8 S

H\g/ \@'/: Minimal cross-talk
e HaeEMEE
| .® © High-fidelity parallelizable

bosonic communication
SWAP network

e '_{

Microwave oscillator

@ lon qubit

- Coulomb interaction

e
g

Qubit-oscillator 77 (Drive-induced) qubit-oscillator coupling

dispersive coupling

c.f. ion-trap ‘all-to-all’

4

Supercondug]

e—e Beamsplitter

3 distinct AMMs
(abstract machine models

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

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

AMM 3: hybrid qubit/oscillator
Hybrid algorithms and simulation of
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 | e

arXiv: 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

BEVEE .
High-fidelity parallelizable

-]
A 7_#\ 1 = '/'F_\ /‘% bosonic communication
? ? ’ ‘ \? ?/ @ lon qubit

Minimal cross-talk

SWAP network

- Coulomb interaction

dispersive coupling

U Microwave oscillator /:/ Qubit-oscillator % (Prive-induced) qubit-oscillator coupling c.f.ion-tra 0] ‘all-to-all’
e

Superconducting qubit e—e Beamsplitter

3 distinct AMMs
(abstract machine models

C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator
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 | e

arXiv: 2407.10381

[3D resonator + 1 transmon]
local universal control

Motional oscillator modes

BEVEE .
High-fidelity parallelizable

-]
A 7_#\ 1 = '/'F_\ /‘% bosonic communication
? ? ’ ‘ \? ?/ @ lon qubit

Minimal cross-talk

SWAP network

- Coulomb interaction

U Microwave oscillator /:/ Qubit-oscillator % (Prive-induced) qubit-oscillator coupling c.f.ion-tra 0] ‘all-to-all’
dispersive coupling
. . B I o
©  Superconducting qubit o—e Beamsplitter 3 distinct AMMs
C) AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: hybrid qubit/oscillator ( (abstract 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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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




Trapped ions and Circuit QED

‘spin dependent forces on oscillator’

£,h CD(a) = (e’ a0

Phase-space instruction set

Conditional displacement

Single qubit rotations

Beamsplitters

A SQR= exp {—fz 0.c*

NC STATE UNIVERSITY

H=xyZa'a=yZn

Circuit QED

‘photon number dependent qubit rotations’

)|

m

Fock-space instruction set

n)

Photon number-selective qubit rotations

Unconditional displacements

Beamsplitters

Heeres et al., PRL (2015)
47
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Short course on quantum control theory

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

V() =]0,(t)cos(w,t) +0,(1)sin(e,?) |

—r(1)=l¢)

Interaction picture (H, — 0) rotating wave approximation: hw
. . ha)q HO — _ q GZ
V() % 0,(1) X +0,(1)Y N 2

L . ——|0)=[g)
where X and Y are Pauli matrices in the rotating frame

[X,Y]=2iZ
Hence a qubit with two classical controls 0,(¢),0, (¢)

1s fully controllable.
[Lie Algebra generates the full SU(2) Lie group.]

A guantum system is controllable iff the Lie algebra generated by the available
controls spans the space of operators on the Hilbert space, i.e., is full-rank.
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A quantum harmonic oscillator is not controllable with classical drives

—_— [3)

V() =] 0,(t)cos(a,t) +0,(t)sin(eny?) |(a+a") ha,
Interaction picture (H, — 0) rotating wave approximation: —_— [2)
CONA LA AR h — T
V(1) ~0,()2+0,()p NN |be |H =ho,d’a
where X and p are phase space coordinates in the rotating frame ' 1)
haw,
[X, p]=ih — |0)

Operator algebra closes.

Classical drives can displace/boost the oscillator (e.g.,X > X+ A, . )
to create coherent states, but cannot create, e.g., Fock states.
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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 1ons and cQED)
H=yoc’a'a [Dispersive]
With drives on the cavity and qubit we can generate

1on-trap-like 'spin-dependent' forces. In RWA:
V= [—(‘)x(t))%+c‘)y(t)ﬁ][Z] < canalsobe X or ¥V

This in turn generates controlled displacements.

Non-trivial commutator of different available control terms:

[XX, pY]=i(xp+ px)Z (conditional squeezing!)

p
10 i
[ A A AN IR TR TR TR
[ Pl oY O NN
LA A VNN
5 LA A NN
PV AN A T T NN )
< A PN N N e e e e
i B |
- B 4 L S |
O--—,“\\\///l‘~-— x
— N NN} -
NN NNN A A
5l o000 NN
- NNt /o
[ A N N UL T T Y I A A A
I L YR A
SRR,
-10 .
-10 -5 0 5 10
B w—«_ﬁ,\
& >
N J
e S I
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[XX, pY]=i(xp+ px)Z (conditional squeezing!)

[XX,[XX, pY]] = (&*p +2xpx + px°)Y

Operator algebra does not close = universal control

With Trotter-Suzuki + Baker-Campbell-Hausdorf we can exponentiate sums of operators

and products (1.e., commutators) of operators generate universal (effective) Hamiltonian
generators of unitaries:

Ir
H=A(%, p)-o+h(%,p)  with o=(X.Y,Z)

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) Controlled-Displacement + Qubit Rotations

Conditional Displacement Gate

D= exp[—it(—(‘)xchr(‘)y fa)]z

oscillator

qubit

Fast Universal Control of an Oscillator with Weak Dispersive
Coupling to a Qubit, A. Eickbusch et al. (Devoret Lab)
Nature Physics (2022)

Qubit Rotation Gate

[cosqoo- +Slng00‘y:|

R (9)—8

ECD=0"D

—[hCD(Sl)HECD 5;)]. _@_
{le 91)]-‘-[%2 (92)]--— ----- Ry (0n)

Circuit depth=—————

53
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(Echoed) Controlled-Displacement ISA:

momentu

a 1) 12) 13) [4) 15) [6) |7) 18) [9) Eickbusch et al. (Devoret Lab) Nature Physics (2022)
0
10 Fws . I N . .
E ;.&%ﬂ 10) |g) — 1) |g) Numerically optimized circuits .to solve the disentangling
[ oSSR, problem and create correct unitary.
NN X
10 F .b\ \\" ‘\ "a\
ST NV
| [ AN \:‘ _‘w‘.\\ "-“.at . oscillator —[h(D(,j) BCD (3 )} _@_
— e Je-e 5CD (81) [ ECD (82) preer °D (8w
10 2 E \\ h\ h‘L\ k \\"\\ ‘h"‘. U ~
F NANERYANER X ) ~ ]J_[
v ~ ‘»
VoA -,._}\ i Ryy (01) = R,y (02) _.....-RM. (0n) H——
10—3 L1 1 ? i _‘ 7 L1 % 1 bk { }
0 2 4 tB q tl18N 10 12 14 Phase Space ‘Portraits’ of
8 cireuit dep This is Photon Fock State Generation
e 1) 12) odtd.... 13) g v 14) F) A [5)
S ‘?j i b *:;-) v.: { :\T‘*. 3
ok -3 @ 5 ESE{(O) I
EE/ A ( '\* .l" - L '}\@.‘.’ :
l-.{J J hd ‘ " A
_4 ™ W = il A o . ‘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

Re(C)
1
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(Echoed) Control |ed-Disp|acement ISA: Fast Universal Control of an Oscillator with Weak
Dispersive Coupling to a Qubit, A. Eickbusch et al. (Devoret
Lab) Nature Physics (2022)

Squeezed states

L Squeezed states 45 GKP states b 0ds | [47 48] [67d8] [62dB]| [S8dB] [T09dB| Re(C)
O I+2) r i i B P i L
Jil ® 2H o+ 8

z 7} oo | = A |-2) o - - & e 05

£ £ 20 | =

g 6| o0 g

S S 16 | A - B B 5 0.0

£ 5[ YY) =

o o &

S 4} YY) 5 12 = W = - -0.5

L& B |
3reeee (o) -6 | L L 5 5 5 =40
2 L 1 1 L L 1 1 4 L 1 1 L L 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 8 9 10 11 92 13 14. 15 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)

3 ™ - & A i iNS oG & 4
Q 2 . .- : I R 4 A
= B k. . . S ® ¢ : T R A Bl 2 A

‘. ' i : E_1 L3 ..,..‘. e e EERE RN SRR SRR B S aRREE SRR R RS

-3k - - = i L et R

; ; 2 y : . : : p _2 _l .i. il 5 E _;.i..ii | _;.i-;; L
-3 0 3 -3 0 3 =3 0 3 2 -10 1 2 2 -10 1 2 2.4 0 4 2
Re(B) Re (8) /V2m
Binomial QEC code word states GKP QEC code word states
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Numerically optimized gate sequences are
highly expressive (efficient )
but

" o 28 ONF s b 0aB | [47d8| [67d8] [E2dB]| [S8dB]| [1084B| Re(C)
O I+2) 6 r - - i - 19
8 { ] 24 F O 1+Y) 6
5 L 3k - = - - K 0.5
z 7 °0 | z 4 AI-D <o _
2 6 L) s o S
E S 16} A g0 " ¥ i R n i 0.0
5 5F eoo 5 & =
5 4| pr | £ 12 -3k - - - - - -05
oL & B
3reeee () s 5 5 - 5 5 -1.0
2 1 1 1 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 8 9 10 11 12 13 14 15 16 =2/ .0 92-2 0 2-=0.i0 2-2 0 2-2 00 2-2 O 2
squeezing (dB) squeezing (dB) Re(B)
e +2) 1+X) |+Y) d |+2)
2 H B H
oeen | (Lo o (¢ ; g
ot [ [ B | N 1B 5 EET
-3+ - - : o
3 : : ] - ; v 3 ; i ; e o it el R e
-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) /V2r
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Hybrid CV-DV Architecture

Compiler/Transpiler High-level instructions
Qubit centric ~ Oscillator centric Hybrid Connectivity, QEC options

Transpiler-visible AMMs 3 Error model, ...

Instruction Set Architecture Low-level instructions

Hybrid Oscillator-Qubit Device
S) S S
\/ \/ v Are there ways to analytically

o o e synthesize oscillator-oscillator and

i multi-qubit gates?
v_r @ qubit g
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Oscillator-mediated multi-qubit
gates (ion traps and circuit QED)

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

T *
Qubit-controlled displacement: CD(@) — eZ(‘m —a’a)

The key ingredient:
Phase space displacements do not commute A wa rmup example: RZ (9) =€

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

P

lo]
@
y
4
@

.,
* 8
-------
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—i%Zl®Z2

Example Entangling Gate: ZZ(0) = e

e 24%% = CD, (—iat)CD, (+&)CD, (+icr)CD, (-2

Note: CD, =SWAP,,CD,SWAP,,

4 possible closed loops
10) (0], 1) (1] : .
| = in phase space:
@ A=+a A=—a @)wE lez=+1:> CW

Rzz(e) = e_igZ‘®Zz 59
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

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

Beam
—_— — X ?) _— —_ X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

p p

Beam
_— —_ X ?) — X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

p p

Beam
- X ?) —_— —_ X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

p p

Beam
X ?) —_— —_ X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

p p

Beam
_— —_ X ?) X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1
p p
T A

B
— | —x ?);ﬁ‘gr 4|—>x

N\ WN = ¢ 4%% = CD, (—ier)CD, (+a)CD, (+ir)CD, ()
= 4« =T e
! T 4 Note: CD, =SWAP,,CD,SWAP,,

Rzz(e) _ 6—2321®ZZ
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1
p p

‘ T

B
4|—>x ?)jﬁ‘gr —l —> X

N\ WN = ¢ 4%% = CD, (—ier)CD, (+a)CD, (+ir)CD, ()
= 4« =T e
! T 4 Note: CD, =SWAP,,CD,SWAP,,

Rzz(e) _ 6—2321®ZZ
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7i€Z®Z
2

Example qubit-qubit entangling gate: ZZ(0) =e 'Movie' for the case Z. = 7. — +1
1 2

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

Beam
—_— — X ?) _— —_ X
plitter

¢ %%% = CD, (~ia)CD, (+a)CD, (+ia)CD, ()

Note: CD, =SWAP,CD,SWAP,,
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—igZ®Z

Example qubit-qubit entangling gate: ZZ(f)=¢ 2

Cavity 2, Qubit 2 Cavity 1, Qubit 1

Beam
 — —»fo) —_ — X
plitter

Z e 4%% = CD, (—ia)CD, (+&)CD, (+i)CD, ()
NN A =
A= ta AR\ = Note: CD, =SWAP,CD, SWAP,
© T © Qubits 1 and 2 can be separated by arbitrary distance

High fidelity SWAPS F=0.999 (0.9998 with post-selection on
Rzz(0) = e~ 132182 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 = [ ?
T =4
e e |e
* Mid-circuit measurement and feedforward i g . /}L
\@’ 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 ¢

70
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[ Hybrid DV-CV Quantum Algorithms ]

1
| |
™ r

Key to unleash [ Measurement [ - Unitaries ]

Hybrid CV-DV : ~ :

computational — - : N

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

@ A=-o?

A= +a? I; Ryz(6) — ¢~i52102>

—_——————u - 1 IR RN
= +a? A= a® ®

) = 4 CD gates
DINge I Multi-Qubit Y| Multi-Oscillate | 1" 2o
Qubit-Oscillator | | I | i
Unitaries Entang Ing Gates Entang Ing Gat * Arbitrary Pauli-Weight Multi-Qubit Gates
> e3P P:(ggp, P, € {I,X,Y, 2}

Trotter-Suzuki &

| Product Formulas Analytical Gate e.g. Controlled

" QsP : Synthesis beam-splitter
LCU /

S

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

Py : generators for n-qubit

. H?nr_r?ltlan Generator Picture system (.q., Pauli)
H = Z thk (ﬁlaﬁla @211’)‘2, . ’fi-m, ﬁm) e.g., single qubit-oscillator:

k=0 H = hﬂ(ﬁaﬁ) + Hl(i}:ﬁ) ) 51

* Unitary Picture ok
U :AO(?Dla'lD2a"' :wm77}1)®23"' ,’l}m) j
4" 1 r{}j — e_iZ)‘jﬁj

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

R,(0) = o~ [cos(¢)ox +sin(p)oy]

Drive pulse phase  Drive pulse amplitude
[9:7r/2and90:0\

Error‘ No error on ¢
0 = (r/2)(1 +¢)
\ roughly constanmtime /

Composite pulses:
BBlgg,z = Ry, (29)R<P2 (49)R<P1 (29)R0 (9) :
—lp1 = cosT!(=1/8), p2 = 31 <0‘z> ~ 1 — 3.766

n
BBlgO’y = Z(+§)BB190,$Z(_§)
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Origins of QSP: Robust Spin
Rotation Control in NMR

10l <7|BBlgo,y(9)f g, BB19o,y(6)|*)
. 0 : '
_ _—ig[cos(p)ox+sin(p)oy]
Rs_o (‘2 ) =e ‘2
Drive pulse phase  Drive pulse amplitude 0.51 ..
A RO & Rop O]
| . . : \ 20
[9:7r/2and90:0\-‘ ~1 i 7 .
Error ‘ NO error on 7, ““_“ '/'_'" 5l AlSO WOI’kS fOI’
regions around
6 = (7/2)(1 + ¢ AN
\ roughly constanmtime / ' 2
~~ _
Composite pulses: <Uz> ~ 1 1.2¢
BBlggos = Ry, (20)R,,(40) R, (20) Ry (0) _ ‘ Error suppression!

e = cos™1(=1/8), w2 = 3¢ <0-Z> ~ 1 — 3766

n
BBlgO’y = Z(+§)BB190,$Z(_§)
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Formal Exhibition of QSP

Quantum Signal Processing
(qubit)

Given: Block-encoding of a

o= fls MTT] s =

Signal operator Signal processing operator

Composite Pulses

BBlooc =[Rey (20)Ry, (46) Ry, (26) Ro(6)

R,(=¢1)Rx(20)Rz(91)

-3

. d
@ exists igoz l—[ W(a)e' ¥

BBlgo,y = Z(¢o) HW )Z (¢;)

N I - s
= (P14 5.0, —p1+¢2,0,0,0,—p2+ 1,0, 1, =) |, LiQ@VI=@  P@
L (i) deg(P) < d, deg(Q) <d— 1 (expressivi)
BBlgo, =27 (i) 1P L 0 =1 oty s
5(9) — (hO(G), h.(0), hy(0), hz(f))) i More generalizations: QSVT, GQSP, M-QSP, SUN), SU(1,1), non-

. linear Fourier transform, ...

Low and Chuang. PRL 118, 010501
(2017).
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From DV to Hybrid CV-DV QSP

Composite Pulses

BBlgg,, = e *5/0)-F 0-(1+e€0

Noisy classical variable

Single oscillator-qubit Universal Control

H = ho(#,) + h1(3,p) - &

s it possible to promote 0 from a noisy classical variable to a
guantum operator @ such as X acting on an oscillator? YES!
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Hybrid CV-DV Quantum Signal Processing

Two views of the oscillator-qubit
gate

Example: deterministic preparation of
cat state

1) Qubit-dependent momentum boost e~i20087: |0) ) |0) = % [|Q)DSC|_> . a)osc|+)]

Quantum fluctuation from the oscillator
position plays the role of “noise” on 8!

|
|
|
|
|
|
|
8—1§§:az — Sl =W | ) ) i B
[ 0 e""%‘”] z i Need to disentangle: 73 [|a)05C + | a)osc} ® |0)
|
Provides a block-encoding of X or p! i ()2
| |_ a)osc |a’>osc
2) Oscillator-dependent qubit rotation | 1.0}
~ Y I :
W.(0) = e~ |
~ | L
— " I e~ NANN S} f A A mm e ey Nh A A A
0 = kzx. i R% o | | R= (%)

|
|
|

L — 2
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Hybrid CV-DV Quantum Signal Processing

Two views of the oscillator-qubit
gate

Example: deterministic preparation of
cat state

1) Qubit-dependent momentum boost

s e oo
— 15T
8—fi§i‘:az _ [e 2 O 1 —w,
0 6’!. xTr

e—i2aﬁ®o'm |0>

e ®10) = = [[@)ocl=) + ] = @)euc )]

x> O

. 1
Need to disentangle: 7 [|a)05C + I—a)osc} ® |0)

2

5980 = Z (1) Wal®) Z (-5 )0l o~ 1 — o

2) Oscillator-dependent qubit rotation

ith k= —
~ wi = — .
A~ _ 8 Qa Error proportional
H/z(g) — e '29= to quantum
. i fluctuations
p— " —_— ——— A mwmwwwRRN kb A A A v
g_km R% | x\\w/z Y | R£(§)

Quantum fluctuation from the oscillator

|
|
|
|
|
|
|
|
|
|
|
i
|
Provides a block-encoding of £ or p! i
|
|
|
|
|
|
|
|
|
i
R |
position plays the role of “noise” on 6! !

L — 2
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Formal Exhibition of Hybrid CV-DV QSP

. [o—ikd 1 Con (4 Block-encoding of x-
6—@%:!:-0'2 — e "2 = w(m) P :| — Wzgk)(w) quadrature
25X
Qubitization of i e 2" ] i w ()
bosonic mode:
[e—i3P 1 (v (D Block-encoding of p-
—idpo, _ |€ 2P _ |[v(®) ) 9
e 2 - i ei%f’_ - i U_l(ﬁ) = Wz (U), quadrature
Single-variate (1D filter): * Non-abelian bivariate (2D filter):
d ) e?,(,fﬂgo'm di W(k)equj UwW( ez¢J Og
elP0T: H W.ei%ioz — F(’w) zG’(’w) HJ_]_ z 2
L z iG(w™!) Fw™1) _ Fd(fw v) z’Gd(w v)
J:
ZCTYd( ,w 1) Fd( ,w 1)
F(w) and G(’w) satisfy similar constraints as qubit QSP. .
d T8
TS . Fy(w,v) := frsw'v
Py = 3 = 3 e o 1(0) RENDIR s
n=—d n=—d * Phase space filters! T
d d * Many generalizations apply: d
; ok 4 I T,..8
G(w) = Z gnwn = Z gﬂe_'LTk-T = g(:ﬁ) GQSP, QSVT... Gd(w,v) - Z Grs W V*,
r,s=—d
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Periodicity of Hybrid CV-DV QSP Transform

“ f(x), g(x)
Flw)= ) fne™™ = f(2), N
n=—d
d Tx : Tx : Tx :
G(l/w)= > gne™™ = g(i), < > > b
n—=—d /\/\i/\/\:/\/\:\
fa+ml) =@, o : i ;
9@ +mT) =g(@). '* i | |

Approximate a function within a unit cell!

80
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Arbitrarily Accurate Cat State Preparation

2
Non-abelian QSP: Fo~1— GZ - Fidelity comparison between BB1,,
& and non-abelian QSP
Can this be systematically improved? Yes! - e « Non-Abelian QSP
‘s . BBlg
d 103
BBloo,y = Z(¢0) | | W=(0)Z(¢;)
. ]. — F 10—41 o:._
J:]_ ......
i w0-s] e .,
—ikd.g e ‘2% e*29= 7T Ty e,
[ 2 z l 2&$‘| ........
e'? k. S
- 2 4 6 8 10
v¢:(¢01¢11“':¢d) 7

™ s
= (‘701 + §a0a —p1+ ‘70270a0a0a —p2+ ‘7011()’ —¥1, _5)

1 = cos ! (—=1/8), @2 = 31
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Compilation Schemes for Bosonic QEC

* Logical readout:

Entangling the oscillator logical state with ancilla qubit
+ measure qubit. e.g.,

10} 10) + 1) 1)

How to get entangling operation for the cat code?
- Simply reverse the disentangling process.

* Logical single-qubit operation:

lw)
|0)

CpX

Entangling Z( 9) Disentangling
Sequence Sequence

« Entangling two logical bosonic qubits:

 Codeword stabilization:

Photon loss will shrink the
|CO,04,Z|:> = |a>osc + |_a)osc

. Mode "_T ----------------------- \‘:
Z?]te &;IZG, need to repump Y M—Ode }a:?br;c N
gy. : i
Re-ontangle: &, | =7, 1] [Co,aut) ) = @) [0) 2 [—aog 1) 19 =5 10
4o — R P CZIl b
Displace to repump e~ i0V2ho |0) ose 10) £ | =) e [1)
enery: = |OJ + 6)050 |0> :I: |—Oé - 6)050 |1> |¢>b — J

10)
s

Unentangle: U, [E’ 1] |a) 0se 10) £ |—0") oo [1) = |Coar, ) |+)

More applications to bosonic QEC: arXiv:2504.19992.
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Linear Combination of Unitaries

Linear Combination of CV Unitaries
(DV as ancilla)

AR

Vi

__/7‘,(\ MX'J Mz

Io}usc— UU | Ul

| wﬁn&l}gsc

* Example of LCU to Prepare Cat State

0) —{H}—o——9¢—{H}H-A Mx .Mz
T i

L e

IO)lN

{D(@) HD(-e)

A’x = -]

Pl p

My =1
.

Plw = p

Mz =1

Also see Quantum 8, 1496 (2024).

S5

[V frat) osc

Linear Combination of DV Unitaries
(CV as ancilla)

0) —

10)ose—{V |

CD(«)

v

L

|'I’ﬁnal}
M:i:j Mﬁ? Mﬁ

\

Qubit O T
CD(k)| = T )
Mode {D{iﬁk])-(ﬂ{—iﬂkﬂ' 9

nnat) = [ da canl@) Ri) 0

Where ¢z (z) = ¥(z) ("| VT |z) for ¥(z) = (2| V |0),..
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Trotter and Product Formulas

e BCH: (itAgitB—itA —itB _ —t*[A,B] | ot3).

* Commutation between Pauli gives
product of oscillator Hamiltonians.

* Compilation of Polynomial Product:  « Operator norm being unbounded, but

. " . o n . A norm with respect to finite-energy
e—tlfh (Z,p)h2(2,p)+ha(Z,p)h1(2,9)] R0 states is still bounded.

— (e—~t‘h1®frmf ﬁe—ihz@mwﬁeéhl@axxﬁeihz@my/ﬁ)”‘
+ O(max(||ha ||, [|h2l)* min(||all, [|h2 ) /7). (322)

*Example A =poy _ivCA,iviB,~ivViA,~iViB o ,~C[A,B]
B =20, : A an

Also see C. Kang, M.B. Soley et al., Kang, Christopher, et al. Journal of Physics A: Mathematical and Theoretical (2025).
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Resource Estimation on Hybrid Processors

AMM 1: Qubit centric AMM 2: Bosonic centric AMM 3: Hybrid nscillatnr-qubit_\'
Leng-range connectivity Boson sampling and simulation Hybrid algorithms and simulation of
through auxiliary bosonic modes of interacting boson models physical models w/ spins and bosons

Hybrid oscillator-qubit hardware layer

bosonic Hamiltonian simulation applications qubit and oscillator parameters
(Bose-Hubbard, lattice gauge theory, vibronic dynamics) (cavity loss, qubit T1 T2, pulse intensity...)

' |
Pogarg qubit-oscillator hybrid logical qubit-only QEC @:’ @:’ @:‘

language compilation hybrid ISA ISA-level or qubit-oscillator

|

|

l bl l l . .

| executable calculations instruction set {optional) @:’ @: @3
| Cv,DVAQIR |

|

logical layout,

& physical qubit- osc»llator
\ .ﬂ m connectwity instruction set 7

resource estimation

other DV applications (qubit-oscillator counts, runtime...)

(QFT, phase estimation...)
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Wednesday, June 25, Session 8B: Quantum III

11:00AM -11:20 AM

Genesis: A Compiler for Hamiltonian Simulation on Hybrid CV-DV Quantum Computers

Zihan Chen, Jiakang Li, Minghao Guo, Henry Chen, Zirui Li, Joel Bierman, Yipeng Huang, Huiyang Zhou, Yuan
Liu, Eddy Z. Zhang

____________________________________________________________________________________________

JeTTTTTTIT N CV-DV Gate Set Hardware Routing )

O . .o Rule-based ) ® Y

 ;Hamiltonian; Template Matching [QumOdB'Qumde & |

. | : Gates ) :

e el

: Gates o. Circuits
' Qubit-Qubit | 11y

E E Gates ) g = Q .

GGTRELIi\én;:SiS Delgglmpos(i;ion CVDV_QASM I‘(}. i m - E

\ D) l

X XYYXzL 2 (N :

Hamiltonian Simulation Compilation

____________________________________________________________________________________________

https://github.com/ruadapt/Genesis-CVDV-Compiler
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Hybrid Oscillator-Qubit
Quantum Computer Architecture PART Il - Algorrthms and
1

: deplictions 1 Applications
I e.g., quantum simulation, optimization :
I Algorithms |
: DV cv Hybrid I+ What useful things can we do? Are there
| _eg, QFT, CV-DVstate tfnifeL L JI advantages?
Programming language
DV & Hybrid « Application |: CV-DV State Transfer

e.g., Qiskit, Strawberry fields, Bosonic Qiskit

Compiler * Application Il: Quantum Fourier
Transform

Instruction Set Architecture (ISA) * Other Applications

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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Application I: DV-CV State Transfer

/ Problem Statement of DV-CV State Transfer \

4 * Given n-qubit state = Cy|X
/ i)\ o q V) = 2xexlX)q
Y. * Find unitary operation U{"(A), such that:
U (B)[#)l0,A)s = [0)qlv) 5
\ * CV-DV transfer follows by simple inverse. /
Logical state preparation Local quantum computation and quantum networks
M;=-1 M;=1

p — p -

* Depends on how DV computational basis is mapped to CV
» Better to be deterministic
» Need to work for arbitrary states
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State Transfer from Single-variable QSP

. . X [ "msB — s@=1-
* X

|w>Q : L . 0 |0>Q ! - 1 2 ] I ;Tﬁ'v(i‘[]i—lfn-i
. , 54 MSB-1 0 =1
0, )M —— D" a) D2 *A) D(A) [y G vas2l 1 [ |—0-

U U y |
Y Y ! a 1 2 3 1 5 6 7

First stage Second stage '
P(x)

Q1T Fidelity: 1 — O(ne) — O(e=OA%/%)
5 Gate complexity: O(2™ log(1/¢))

WWWWWW Time complexity: O(2™ (A + log(1/¢)))
Ll ‘ . A n: number of qubits e: error for QSP polynomials

o width of initial Gaussian  A: spacing between
Gaussians
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State Transfer from Single-variable QSP

————— — -

| 1
| m 1 — Gy (#) =1 -2,
n . | L}g = MSB
I t *
Ve ! 0)e =— T
" : T W‘ MSB-1
1 1 0
— — 1\ Gaus 0 1 p 3 i 5 o 7
0, A)Ges —Hp (' a) ) n(A) DD e @ ol LF Sy me — o=
N~ U y
Y Y
First stage Second stage

v

A
v
X

2"1A
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State Transfer from Single-variable QSP

| |
n T | X] TmsB e
1 ° 1 X
V) ; . o (1) S — —
. L T X MSB-1
| | n
|0’ A)(C})aus_D(Qn—'l/_\)—:D(f)nJA): D(A) Xp el T @ |,Uf)>%ausl '\.,/I Bl_z p—— _HH
G L - — - | y L )
A Y
First stage Second stage
Zn—ZA Zn—ZA N Zn_ZA zn—ZA

A
v
X

2"1A
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State Transfer from Single-variable QSP

. . X [ "msB — s@=1-
* X

|w>Q : L . 0 |0>Q ! - 1 2 ] I ;Tﬁ'v(i‘[]i—lfn-i
. , 54 MSB-1 0 =1
0, )M —— D" a) D2 *A) D(A) [y G vas2l 1 [ |—0-

U U y |
Y Y ! a 1 2 3 1 5 6 7

First stage Second stage '
P(x)

Q1T Fidelity: 1 — O(ne) — O(e=OA%/%)
5 Gate complexity: O(2™ log(1/¢))

WWWWWW Time complexity: O(2™ (A + log(1/¢)))
Ll ‘ . A n: number of qubits e: error for QSP polynomials

o width of initial Gaussian  A: spacing between
Gaussians
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State Transfer from Non-abelian QSP

V) 0),

fyt iyt IRVAl
w'v w! v WIJV1

n'n n—1"n—1

e

e 50) Fidelity: 1 — (/2% ™ dal(@)® + [ 1) dalv(@)?)

- {emﬂﬁ&;ﬂ j<n Gate complexity: O(n)
g

L n. Time complexity: | O(A2")

May or may not be long, depending
on strength of the drive fields

Hastrup et al., Phys. Rev. Lett. 128, 110503 (2022).
YL et al., arXiv:2408.14729.
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Numerical Simulation
of State Transfer
Protocols

Single-variable QSP

d=60 with 6=0.2, A=1
o=e 112=(0.37

d: polynomial degree. §: rising edge width of QSP ploy.
o width of initial Gaussian A: spacing between Gauss.

Non-abelian QSP

A =2, sinc is approximated as
Gaussian with width ¢ = e~ 112 = 0.37

Fock-level truncation = 128

Purity = Purity = 0.958 Purity = 0.982
(a) 0.976-++) |GHZ) W)
5.
2 0 e | ! O

_5 0 5 —5 0 5 —5 0 5

T z
(b) Purity = 0.858 Purity = 0.858 purity = 0.858
5-
2 0 - § l
_51
-5 0 5 -5 0 5 -5 0 5
4 & &
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Signal Processing Perspective:
State Transfer = Quantum AD/DA Conversion

|
Digital Quantum “Signals” Analog Quantum “Signals” | Classical Signal Types
|
I Time Domain Frequency Domain
|
I Continuous
D/A Conversion hw : V\/\ Fourier Transform ‘ ’\j\/\/\
|
I | \ |
[ A/D Conversion e : _ _ . _
Sampling Interpolation Sampling Interpolation
| / : AID J' T DIA AD l T DIA
\l,‘ f |
- ' ‘ Discrete
: ‘ TT O Fourier Transform
: 9 T TQQT T T‘P
!
Position-Momentum dual <4—) Time-Frequency dual
A Mixed Analog-Digital Quantum Signal Processing See arXiv:2408.14729 for more details.

framework!


https://arxiv.org/abs/2408.14729
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Application Il: Quantum Fourier Transform
» Certain tasks can be extremely easy on CV systems.

.l_
ilh at+a lgﬁ

Quantum Fourier Transform (n qubits) )
FTXF=c¢2 e
V2

V) =2Lxexxo
—iZ X a1
e 2a+ez2a l(a—a)

U T,[) 271'2:1:'9/2”] _ _ PN
QFT| Z [Z \/Z—RCye x)e NG NG p

(use BCH)

Gates: O(n?), exact, O(n polylog(n)), approximation.

If n-qubit data can be encoded in the x-
- quadrature, only need 1 gate to
51 perform the QFT!

Osc. free-evolution = Fourier transform

P P
x _) p Use DV-CV State Transfer Protocols!

A = ¢T@: number operator
X : position operator, p: momentum operator
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Application Il: QFT from Oscillator Free Evolution

 QFT with state transfer based on sinale-variable

(|+}®rl |L'>|{}(]>)Q 7L U(H.-f-t’!-f-'z) A |(]>-;-:-(N. +2) + N (7},-{-2) ,ﬂ, 1- L (|+>|+)IIQ‘]I|I'>)Q
|(] A)B — et ( ) D(—'.z”""'-’A)_F Utst (2”+2A) _
' 2
(H):‘:“h‘)l{m))f? U(n+a+2)(2)\) U(n+a+2)( or 1 )’f ()14 (Uaer[¥))10)*)
|U 2/\)}3 st -D(A)-F -D(—/\")— st ontat2 9)

Gate count: O(n) instead of O(n?) or O(n polylog(n)) as in qubit QFT.

Caveat: Runtime; approximation See arXiv:2408.14729 for more details



https://arxiv.org/abs/2408.14729
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Application (dynamics): Dissipative Vibronic Dynamics

hv

g | [ 5 Molecule A
]’. § | ! 1}{ B ? ?
g, f/ f\‘\__l.l .1111'- ||I~.- » d \‘5., A-m"\ 7 A );\-)c
E- I III 1 \\{J II' ! =
3 | O5—O0—F-O0%u- -a
o l'-._ HOU | _,."I | ; () J-"'I \:“\{m M/‘:g\

electron-phonon coupling electron-vibrational coupling

Quantum simulation of boson-fermi mixtures

bosonic mode

: d:_ mode m
qubit S YO ubit

fermion . o\.DV

DV quantum computer  physical model quantum computer
Figure from E. Crane et al., arXiv: 2409.03747
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Application (dynamics): Advantage for Simulating Bosonic Matter

Simulation Cost of two different fermi-boson

models on qubits vs. qubit-oscillators
(One Trotter step for 2 matter S|tes)

Complexity of simulating a displacement gate
D (a) with qubit gate sets

— —— ™
- ———

---"_—_

107 "
£10° F T7N\D Z,-Hi del
106 _ 3 (141)D Z»-Higgs mode
— Transfer + 2/ + R, =
L= .
»n10° —— Transfer £10% b U(1) quantum link model
[ F]
= - = Reference (1 gate) E
o104 G0t |-

[
ng;t —— e T e m -
w 10! 102
3 Single site Hilbert space cutoff
10 10° F T Ty

101 / Displacement gate, cost 1 > -
e e e Eln—!‘ B
109 1 1 ] ] 1 1 1 1 1 g -
0 25 50 75 100 125 150 175 200 o - = “Bosonic Z2, qubit
Fock State Cutoff K §10_4 | ~_~= — Schwinger, gubit
0 1 0 0 . (W] ___,...-'*"' —— Schwinger, qubit-osc.
;| II”,_ V2 5}_ P - = Bosonic 22, qubit-osc,
0 2 0 K I N T T IR IR
V200 0 V3 0 - 1076 1078 0% 103 1072 10t
P Entangling gate infidelity (%)

YL, S. Singh, K.C. Smith et al. arXiv: 2407.10381. E. Crane et al. arXiv: 2409.03747
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Application (dynamics): Compilation of Dissipative Non-Adiabatic
Vibronic Dynamics on cQED Devices

Generalization to N-chromophores Electronic Dissipation via Reset
(ZN transmons + 2N cavity)
~ 1*! Trotter layer 2™ Trotter layer e
- b T w0
) - . 0 Er ] &
o Dol lal et lelfdel ] o6 W=10 H_F0hw- L—
;: 4 v o [ 4 l * $ : 4 UT : UT
b I engh Fiean, b Iy #y,) ey} #... J ) |¢"“} —_ ] |-
Chremophere 1 Chramaphare (£ ~ 1) Chromophere § Chramophare (£ + 1) Chromophore N ) E,- —‘ S,—
]{pﬂl} = |ﬂ} = m I~ |U}rr_'ﬁr_~t. n | |
Gate cost of 1 Trotter step (0.01 pico-second of the real Effect of hardware noise~ pico-second
vibronic dynamics): vibronic dynamics simulation is possible, if

gate fidelity > 99.99%
Nyate = (N — 2) x (336 BS + 345 CD + 3 SNAP)

See arXiv:2502.17820 (accepted to
JCTC) for more details. Collaboration

Mid-circuit measurement and reset with Victor Batista (Yale Chemistry)


https://arxiv.org/abs/2502.17820
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Co-Designing Eigen- and Singular-value Transformation Oracles:
From Algorithmic Applications to Hardware Compilation

Luke Bell et al., arXiv:2502.16029

rl e(aaffa‘a)®(Hi,7E5)
Displace oscillator :
by a(H;; — E;) %/

{} Repeat for all Hj;

Using qubit-controlled oscillator displacements
to block encode a Gaussian energy filter

(1) Map local energy terms (FI — Es) of Heisenberg spin chain

[E_1) (B4 |E>)'(Es| |Er) (B |E5) (E;] Onto an ancilla qublt
. —

pra—

“re— — T

(2) Ancilla controlled displacement of oscillator

o(E_y - E,) a(By - Es) a(E; - E,) ia( A-E,

& Project oscillator ‘ ‘Pspins> X ‘ O> —> e

onto vacuum

)p ‘ LIJspins> ® ‘ O>
[_‘U_ v ¢ _} (3) Project displaced oscillator onto vacuum (by measurement)

2

W Yoo 2

spins

Prepared state )
1) = | Ey) (Y| H |¢) =~ Eq
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Single-Shot Quantum Detection

Nonlinear transformation of the sensing parameter in single-shot limit.

QSPI Response

AR QsP, | | aQsp;’ ~ Function(g) v Step function will be ideal (red)
osc | S - . .
" = v Actual qubit response function (black)

v Minimize error decision probability (shaded)

Qubit measurement probability vs. 8

A QSPI Response Function
’ > : How to quantify decision quality:
k 2%
perr(/Btha k) — ; / ’Papprox(/ﬁ) - Pideal(/B)ld/B
T 2k

= Perr,FN (;Bth) + Perr,FP (/Bth)-

7'1 )p’ Efficient scaling on decision error (single shot)

i - 0 B —
2K B N 2K ]_

Perr X E log(d) d is the circuit depth

FN: false-negative error
FP: false-positive error

Jasmine Sinanan-Singh et al., Quantum 8, 1427 (2024). 0
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What’s next?

Hybrid CV-DV Quantum Computation
huww
7Z . aﬁ

N LI i
\k& 1\3::'-'& % | Chemistry
N \ o,

&

2D materials

OA

Op‘rlmlzahon D

( / ) W Heirav/Sensne ateries
Quantum

Digital-analog quantum signal processing

Programming languages
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Summary and Open Questions

* DV (qubits) + CV (oscillators) => a powerful paradigm of hybrid CV-DV
quantum computing

* Physical ISAs and AMMs have been established => New applications

* Open questions:
» Control: Complete theory of non-Abelian QSP; Error propagation
 Algorithms: more algorithmic framework, measurement-feedforward
» Applications: more general quantum arithmetic

 Fault-tolerance and architecture: Logical Hybrid CV-DV ISAs; parallelism;

quantum memory; benchmark & certification

» Advantage: Compare with qubit algorithms
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CZQA ISA (theory) coIIaboratlon

Nathan Wiebe Tim Stavenger Chris Kang Eleanor Crane
U. Toronto & PNNL PNNL U. Washington -> UCL -> Maryland,
Chicago MIT

ORNL/Yale/NC State Gaussian
Energy Filter collaboration:

Yuan Liu, Eugene Dumitrescu, SMG

Luke Bell, Yan Wang, Kevin C. Smith,

+ Chuang group
(MIT) John Martyn
+ Yuan Liu

(MIT->NC State)

+ Alec Eickbusch
(Yale -> Google)

+Shraddha Singh

Micheline Solely Kevin Smith (Yale)
Yale -> Yale -> IBM _
+
Wisconsin Baptiste Royer

(Yale->Sherbrooke)

arXiv:2407.10381

arXiv:2502.16029

arXiv:2209.11153

Instruction Set Architecture for
hybrid qubit/oscillator systems

“Bosonic Qiskit” extension to oscillators

RepresentA =2" |evels of oscillator
with a register of 7 =10g, A qubits
Access ISA and Wigner tomography
toolkit within Qiskit
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I Electrical and
UNIVERSITY

Computer Engineering  comPUTER SCIENCE

* Quantum Engineering and Simulation
Theory (QUEST)

® quantum algorithms and
simulation

* hybrid continuous-discrete-
variable quantum computing

® quantum engineering

* Email: yliu335@ncsu.edu

* https://yuanliu.group
Thanks!
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lllustration of Programming Hybrid CV-DV Circuits

10) quoic —H '

A

— M

0) D(a)

OSsC

% Initialize qumode register

qur = c2qa.QumodeRegister(num qumodes = 1,
num qubits per qumode = 6)

% Initialize qubit register

gbr = qiskit.QuantumRegister(1)

% Initialize classical register

cr = giskit.ClassicalRegister(1)

% Initialize hybrid CV-DV quantum circuit

circuit = c2qa.CVCircuit(qmr, gbr,cr)

% Assign gate parameters for CV gates

alpha =1

% Append a DV gate
circuit.h(qbr|0])

% Append a hybrid CV-DV gate
circuit.cv_c_d(alpha,qmr|0], gbr[0])

% Measure CV and DV components

circuit.measure(qbr[0], cr[0])
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Coding and Programming Demontration
for Hybrid CV-DV Quantum Processors

ovi
QuUBITS

Dva2

QUMODE

https://github.com/shubdeepmohapatra01/ISCA2025-Tutorial/tree/main
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Bosonic Qiskit

« Simulation Framework for CV-DV systems.
 Each qumode is made up of multiple qubits
* For a gumode with n qubits the Fock level cutoff is 2"

qumodey
qumode;
qumode;
gumodes

qumode,

qumodes

q24

c8
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Basic gates
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CAT State

« CAT state is a quantum superposition of two coherent states
Cat=N (a £ -a)

« Even cat state: + sigh — constructive interference

« Odd cat state: — sign — destructive interference

 Why is it useful?
— Encoding logical qubits into cat states (cat qubits)
— Generating GKP codewords
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Nondeterministic CAT State Generation

0) H T T H—-A| Mx, Mz
0)osc — D() —D(—a) |V final) osc
My = -1 My =1
T r
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CAT State

Displacement in X direction (Real Displace;mant} Displacement in P direction (Imaginary Displa.cemant]
Qumode CD R i - . } CD_I E . -
QubitJ—H] [H - Sdag}Hi IH}SZ
Yo Y1 P2 Y3 Ya  Ys e Yy Ps



CAT State

Vg = [0)psc|0)

Wy = [0}gsc|+)

- Apply conditional displacement in the x direction (real displacement)
v 1 (la)oscl|O) + | Josc|1})
= — (loa}osc|0) + | — a)oscl]
R
1
Wy = 5 ((le)osc| + | — a)osc) |0) + (|e}osc| — | — @)osc) (1))

Let (|ejosc| + | — edosc) = Cx and (|adosc| — | — e}osc) = C_

W, = (r:+|u} _ic_ |1})

(T
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CAT State

wg = (C4 —iG;) 10) + (C4 +iC;) 1))

1
WA

Apply conditional displacement in the p direction (imaginary displacement) iEﬂE

1 . . . T
Vg = — ((ﬂlﬂc +i—Yosc| + b] — '1+f—}osc) [0) + (blﬂ —i—)osc|l +a| — a — ‘—>USE) |1})
Ev’ri Bex B ox By

where a = 1-i and b = 1+i

1 o . o o
¥y = - ((ala+i-=Yoscl +bla = i-—Yosc + bl = a-+i-—osc| +al — & = i——Josc 10)
4 o 8 Bcx Box
T T o . m
+(ﬂ|ﬂf +i1—)oscl = bla —i—)osc +b| —a+i—)osc| —a] — a — F—}usc) 1)
e Bex Bex Bex
1 L . . .
Vg = - ((ma +i——Yoscl + bl — i Yosc + bl = & +i——Josc| +al = & = i—)osc ) |0)
!l ox Box Sox Box
+ ('ﬂﬂE +i—)osc| +ala —i—)osc —a| — a +i—)osc| — b| — a — f—}osc) I
Box Box By Box
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CAT State

qumode,

qumode;

qumode;

qumodes

qumode;

qumodes

qubit
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GKP State

 GKP States:
10)ekp) X 2m | T )x
|1 ekp) X 2m | (M+1 NTT )x

« Multiple rounds of cat-state protocol with displacement a = 1

 After k rounds, each controlled displacement adds 2 new
peaks.

* The result is a superposition of 2%k equally spaced peaks in
position space.
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Why GKP State is useful?

* Error Correction : Can correct errors in both position
and momentum

« Fault Tolerant Logical Qubit Encoding
« Used as input state for CV-DV applications like Shor's

algorithm
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GKP State

6 0.23 6
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4 4
013 0.19
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2 4 - - e - . 2 » . -
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- - - - - 3 - - - S
a 0 - - e . . +.0.00 X a 0 . . - - 0.00 £
- - - - . = - - . 2
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=<, - - - - - -2 - » -
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State-Transfer

State Transfer : U
CV Representation DV Representation

Uba(A,n)t = [ viw; = VWi, --- Vil

j=1
. Agi—155(7)
. w aa(d) 135 POy 7 < "N
T S£Ldr )
Vj =€ A o, “_j‘ - _igzj—lﬁ&(j} .
€ 2 T ] =n,

[1] Liu, Yuan, et al. "Toward Mixed Analog-Digital Quantum Signal Processing:
Quantum AD/DA Conversion and the Fourier Transform." arXiv preprint
arXiv:2408.14729 (2024).
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CV to DV State Transfer Circuit

Qumode Displacement
in X direction
conditioned on Basis Transformation
1st qubit l

r q2a 0 o 0 o
1
gy 1 I 1 I I1 I
1
Qumode q2; I 2 I I I 2
(cutoff = 64) I I I I
g3 3 3 3 3
11111 |
g2 4 i 4 F :
RN
- qzb 5 5 5 5 E
11111
r 93 & f 6 ; fo
1
g3 I 7 I 7 I 7 I 7 e
Qubits A I I I I
] & ] 8 -
111N u
. [+ EEY g ; g : A=
s !, L
CQumode Displacement T
in P direction Measuring in
conditioned on reverse order

1st qubit
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T (1+}] +}I{L-"ql-"l'|l.'f'}}|”::':':“}q;

(I+)*[)100)), T N-A N-A /ANt
e T usA@) [ URAL)

0|l

gmodey

gmode;

gmode;

gmodes

gmodes

anciflag

ancillay

qbitsg

qbits;

appendy

append

creg =

[1] Liu, Yuan, et al. "Toward Mixed Analog-Digital Quantum
Signal Processing: Quantum AD/DA Conversion and the
Fourier Transform." arXiv preprint arXiv:2408.14729 (2024).
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QFT DV vs CV-DV

240 1

271 269
264

248 235 27 252

240 -
180 - 180 -
120 1 120 -
60 60 -
0

1 & A4 Lo

& ey

S R

CV-DV QFT (Initial
State: 00)

Count

Count

DV QFT (Initial State: 00)
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THANK YOU
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Extra Slides Beyond Here
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Hierarchy of qubit state complexities

Product states in Z basis classical
States generated from product Clifford generators Quantum entangled but no
states via Clifford gates (H,S=Sqrt(Z),CNOT) ‘magic.’

Clifford operations easy to
simulate classically via
stabilizer evolution

States generated from product T=Sqrt(S) gate ‘Magic’ prevents efficient

states via Non-Clifford Gates classical simulation but allows
violation of Bell inequalities
and universal computation
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Hierarchy of oscillator state complexities*

*Subtlety:

Complexity of CV states depends on what measurement resources are available.

Vacuum state

Gaussian states generated H(x,p) quadratic form
from vacuum via Gaussian
gates, or incoherent mixtures

of same

Non-Gaussian H(x,p) higher than quadratic
(e.g. superpositions of polynomial,

Gaussians, not mixtures of e.g., x"3

Gaussians)

Easy tomakeif hp ? kBT

Easy to simulate classically
via evolution of mean and
covariance matrix. Easy to
sample from.

Wigner function negativity
prevents efficient classical
simulation but allows violation
of Bell-like inequalities and
universal computation
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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.
Microwave Transmon qubit Dipole Coupling
resonator l /
=w.a'a 70‘ go'la+ta' |+ H i, |[Rabi]
H-wda+ 2o ‘+alc ]+ H J C '
=w.a'a 70 glac” +a'c |+ Hpe  [Jaynes-Cummings]
H=wda+0o g H Di ‘
=w.a a+70 +yoa'a+H g, | Dispersive]

Strong Dispersive Limit
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Zloelo)+nel]
O> D(O() _ eaa*—a*a _ e2i[a,fc—aRf9]
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