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Why Quantum Rotors?
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Why Quantum Rotors?

Hardware
Quantum systems in the lab often are not qubits

= Design error correction closer to hardware

= In SC circuits Josephson junction = quantum rotor
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Why Quantum Rotors?

Hardware
Quantum systems in the lab often are not qubits

= Design error correction closer to hardware
= In SC circuits Josephson junction = quantum rotor

Continuous Variable Error Correction
Exploring error correction of infinite dimensional systems
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Why Quantum Rotors?

Hardware
Quantum systems in the lab often are not qubits

= Design error correction closer to hardware
= In SC circuits Josephson junction = quantum rotor

Continuous Variable Error Correction
Exploring error correction of infinite dimensional systems

Homology
Quantum codes have a close relation to homology

= Homology with integer coefficients is a rich playground
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Hardware

Protected superconducting qubits® are closely related to quantum
rotor codes

1
Kitaev, “Protected qubit based on a superconducting current mirror”, 2006
Brooks, Kitaev, Preskill, “Protected gates for superconducting qubits”, PRA, 2013
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Continuous Variable Error Correction

Doing measurements/operations agreeing with the group structure
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Continuous Variable Error Correction

Doing measurements/operations agreeing with the group structure
Quantum Oscillators (x, p € R?)

® Oscillators into oscillators against discrete errors?(good)

e Oscillators into oscillators against gaussian noise3 (no good)

2L|oyd, Slotine, “Analog quantum error correction”, PRL, 1998
3Vuillo't et al “Quantum error correction with the toric GKP code”, PRA, 2019
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Continuous Variable Error Correction

Doing measurements/operations agreeing with the group structure
Quantum Oscillators (x, p € R?)
® Oscillators into oscillators against discrete errors?(good)

e Oscillators into oscillators against gaussian noise3 (no good)

Quantum Rotors (¢,0 € Z x T)

® Rotors versions of toric/Haah codes*

® U(1) covariant reference frame codes®

2L|oyd, Slotine, “Analog quantum error correction”, PRL, 1998

3Vuillo't et al “Quantum error correction with the toric GKP code”, PRA, 2019

4Albert et al “General phase spaces: From discrete variables to rotor and continuum limits”, JPA, 2017
5Hayden et al “Error Correction of Quantum Reference Frame Information,” PRX Quantum, 2021
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Modular Error Correction

Doing modular measurements, not agreeing with the group
structure
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Modular Error Correction

Doing modular measurements, not agreeing with the group
structure

e Oscillators into oscillators ©

6Noh et al “"Encoding an oscillator into many oscillators” PRL 2020
Hanggli et al “Oscillator-to-Oscillator Codes Do Not Have a Threshold”, IEEEtit, 2022
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Modular Error Correction

Doing modular measurements, not agreeing with the group
structure

e Oscillators into oscillators ©

e Qubits into oscillators’

6Noh et al “"Encoding an oscillator into many oscillators” PRL 2020
Hanggli et al “Oscillator-to-Oscillator Codes Do Not Have a Threshold”, IEEEtit, 2022

7GKP, “Encoding a qubit in an oscillator,” PRA, 2001
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Modular Error Correction

Doing modular measurements, not agreeing with the group
structure

e Oscillators into oscillators ©

e Qubits into oscillators’

® Qubits into molecules (including rotors)?

6Noh et al “"Encoding an oscillator into many oscillators” PRL 2020
Hanggli et al “Oscillator-to-Oscillator Codes Do Not Have a Threshold”, IEEEtit, 2022

7GKP, “Encoding a qubit in an oscillator,” PRA, 2001
8A|bert et al “Robust encoding of a qubit in a molecule,” PRX, 2020

Homological Quantum Rotor Codes
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Homological Quantum Rotor Codes

® The physical system is a collection of quantum rotors
® “CV" error correction, no modular measurements

® Encodes qubits and quantum rotors
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QOutline
Quantum Rotors
Motivation
Definitions

Homological Quantum Rotor Codes
Stabilizers and Chain Complexes
Noise Models and Distances

Constructions
Manifolds
Products of Chain Complexes

Physical Realizations
0 — 7 Qubit
Kitaev's Current-Mirror/Mébius Strip Qubit
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Hilbert Space Hz,
® Orthonormal Basis
VeezZ, |0)eMH
Christophe VUILLOT Homological Quantum Rotor Codes

Conclusion

(e]e]

8/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion
000000 00000000 000000 [o]e) [o]e]
@000 600000 felele) 8

Hilbert Space Hy

® QOrthonormal Basis

VOEZ, |0)€Hsy

e States

)= aelty, S la? =1

LeZ LeZ
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Dual Representation

States
T=R/20Z, |4)= /9 A0 p). /9 A O)P =1
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Dual Representation

States
T=R/2Z, |¢)= /0 _00(0)[0), /9 RATOIEE

Fourier Series

V) € Hz, VO € T, (6 Zage
KGZ
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Dual Representation

States
T=R/2Z, |¢)= /0 _00(0)[0), /9 RATOIEE

Fourier Series

V) € Hz, VO ET, $(0) = —= > awx” = (0]¥)
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Dual Representation

States
T=R/2Z, |¢)= /0 _00(0)[0), /9 RATOIEE

Fourier Series

VIY) EHL VO ET, $(0) = =3 e = (B)

Phase States

Vo eT, |0) e )

s
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Generalized Pauli Operators
Pauli X: Jumps

VmeZ, X(m)l|l) =+ m)
X(m) |0) = "™ |6)
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Generalized Pauli Operators

Pauli X: Jumps Pauli Z: Phases
VmeZ, X(m)|)=|t+ m) Vo e T, Z(o)|) = e |0)
X(m)|6) = ™ |0) Z(¢)10) =10 — ¢)
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Generalized Pauli Operators

Pauli X: Jumps Pauli Z: Phases

VmeZ, X(m)|)=|t+ m) Vo e T, Z(¢)) = e i)
X(m)|6) = ™ |0) Z(9)10) =16 — ¢)

Relations

e 1= X(0) = Z(0)
* X(m1)X(m2) = X(m1 + my)
* Z(p1)Z($2) = Z($1 + ¢2)
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Generalized Pauli Operators

Pauli X: Jumps Pauli Z: Phases

VmeZ, X(m)|e)=|t+m) Vo eT, Z(¢)|0)=e?10)
X(m)|6) = ™ |6) Z(9)10) =16 — ¢)

Relations

e 1 = X(0) = Z(0)

o X(my)X(mz) = X(m1 + my)

* Z(¢1)Z(¢2) = Z(¢1 + ¢2)

* X(m)Z(¢) = e~ " Z(¢p)X(m)

Christophe VUILLOT Homological Quantum Rotor Codes 10/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion
000000 00000000 000000 00 oo
felelel 600000 000 g

Several Rotors

We consider n rotors (H3")
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Several Rotors

We consider n rotors (H3")

je,meZ, X(m=1® - --1XmMel®- -1
JEI,oeT, Z(9)=10---210Z¢)R1x- - 31
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Several Rotors

We consider n rotors (H3")

je,meZ, X(m=1® - --1XmMel®- -1
Je¢eT, Z(¢)=18 - 018Z¢)21la a1

Multi-Rotor Pauli Operators
mez", X(m)=]][X(m)
j=1

el Z¢)= H Zi(#))
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Several Rotors

We consider n rotors (H3")

je,meZ, X(m=1® - --1XmMel®- -1
Je¢eT, Z(¢)=18 - 018Z¢)21la a1

Multi-Rotor Pauli Operators

mez". Xm)=]X(m) -
H X(m)Z(§) = e~ ™" Z($)X(m)

el Z¢)= H Zi(#))
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Quantum Rotor Code

Definition
Given Hx € Z™*" and Hz € Z'7*" such that

HxHJI =0,
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Quantum Rotor Code

Definition
Given Hx € Z™*" and Hz € Z'7*" such that

HxHJI =0,

define stabilizer generators and the stabilizer group
® Vs c 7', Sx(S) = X(SHx)
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Quantum Rotor Code

Definition
Given Hx € Z™*" and Hz € Z'7*" such that

HxHJI =0,

define stabilizer generators and the stabilizer group
® Vs c 7', Sx(S) = X(SHx)
° Vo € T, Sz(¢) = Z($Hz)
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Quantum Rotor Code

Definition
Given Hx € Z™*" and Hz € Z'7*" such that

HxHJI =0,

define stabilizer generators and the stabilizer group
® Vse Z™, Sx(s) = X(sHx)
* Vo € T, Sz(¢) = Z(pHz)
o S =(S57(¢)Sx(s) | V¢ € T, Vs € Z).
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Quantum Rotor Code
Definition
Given Hx € Z™*" and Hz € Z'7*" such that
HxHJI =0,

define stabilizer generators and the stabilizer group

® Vs c 7', Sx(S) = X(SHx)

° Vo € T, Sz(¢) = Z($Hz)

o S =(S57(¢)Sx(s) | V¢ € T, Vs € Z).

The corresponding quantum rotor code is defined as

C™" (Hx, Hz) = {[Y)| VP € S, Ply) = [4)}

Christophe VUILLOT Homological Quantum Rotor Codes

Conclusion
[o]e]

12/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations
000000 00000000 000000 00
0000 600000 000 g

Commutation and Small Example

Stabilizers Commute

Sx(5)S2(¢) = ¢ 55T 55(p) Sx(s)
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Commutation and Small Example

Stabilizers Commute

Sx(5)S2(9) = e P HKE" S7()Sx(s)
4-Rotors Example

+1 -1 0 O

Hx=(0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1
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Commutation and Small Example

Stabilizers Commute
Sx(5)Sz(¢) = ¢ PR S 1) Sx(s)
4-Rotors Example
+1 -1 0 0
Hx=(0 0 +1 -1 Hz=(1 1 1 1)
~1 -1 +1 +1
8 = (Xa(mXh(m), Xa(m)X(m), X\ (m)X4(m)Xs(m)Xa(m),
21(6)22(6)25(6) Z4(0))

meZ,peT
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Code States
1) € C™*(Hx, Hz)
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Code States
[¥) € C™(Hx, Hz)
Z Constraints
Vo, [¢) = Sz(9) |[4)
= D ale) =Y Mt oy le)

eczn eczr
=V, ap # 0= L c ker (Hz).
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Code States
[¥) € C(Hx, Hz)
Z Constraints
Vo, ) = Sz(¢) )
= D ale) =Y Mt oy le)

Lezn Lezn
=V, ap # 0= L c ker (Hz).

X Constraints
Vs, |1) = Sx(s) [¢)
= Za¢|£> = Zae|£+SHx>

Lczn Lczn
=V, s, ap = op_sH, = ker (Hz) /im (Hx).
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C: G —_— G 7 G with co 0 =0
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Homology

Chain Complex
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stabilizers operators
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Homology
Chain Complex
7] .
C: G e G 7 G with co 0 =0
I Hx 1 H} I
7™ 7" 7"
I I I
stabilizers operators syndrome
Homology Group = X Logical Operators
H1(C,Z) = ker 0 /im0 = ker (Hz) /im (Hx)
—FoT
k
=280 (Lo, ® -+ © ZLq,) = Lx
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Homology
Chain Complex

c: & X g 25 G  witheod=0

I Hx 1 H} I

AL AL Ttz
I I I
stabilizers operators syndrome

Homology Group = X Logical Operators
H1(C,Z) = ker 0 /im0 = ker (Hz) /im (Hx)
=FoT
=256 (Zg, & ®Zg,) = Lx

Vm e Ly, X(m) = X(ml_x—|— SHx), Ly € Z(k—l—k/)xn
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Example
+1 -1 0 O

Hy=[0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1
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Example
+1 -1 0 O

Hy=[0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1

x=(0 —1 +1 0) € ker(Hz)
€ im(Hx)
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Example
+1 -1 0 O

Hy=[0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1

x=(0 =1 41 0) € ker(Hz)
Q im(Hx)

1\ /[+1 -1 0 0
1o 0o +1 -1]=(0 -2 +2 0)€im(Hx)
1) \-1 -1 +1 +1
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Example

+1 -1 0 O
Hy=[0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1

x=(0 =1 41 0) € ker(Hz)
€ im(Hx)

1 +1 -1 0 0
1 0 0 +1 —-1| = (0 -2 42 0) € im (Hx)
1 -1 -1 41 +1

eHx =dw, w¢ im(Hx) = ZqC Lx
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Cohomology with T Coefficients

c: G250 "¢

Christophe VUILLOT Homological Quantum Rotor Codes 17/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion
[o]e)

Q00000 00000800 Q00000 (e]e}
0000 000000 [e]e]e} 8

Cohomology with T Coefficients
c:6—2+a-—"25G

Dual Chain Complex

GGG
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Cohomology with T Coefficients
c:6—2+a-—"25G

Dual Chain Complex

where
G = Hom(G,T)
o G, — G
1) —  ¢od
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Cohomology with T Coefficients
c:6—2+a-—"25G

Dual Chain Complex

where
G = Hom(G,T)
U G, — G
1) —  ¢od

Hom(Z,T) ~T, 0*=Hy, o =Hz
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o]
_ Our Case
Cochain Complex
o* *
C*: G - G —— G
1 H; I Hz I
T T T
I I I
syndrome operators stabilizers
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ooooee Oooooo popa :
o]
_ Our Case
Cochain Complex
o* *

c*: G e G LA G

1 H; I Hz I

T'x " Tz

I I I
syndrome operators stabilizers

Cohomology Group = Z Logical Operators
H'(C,T) = ker 8" /imo™* = ker (Hx) /im (Hz)
k * *
=L
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ooooee Oooooo popa :
o]
_ Our Case
Cochain Complex
o* *

c*: G e G LA G

1 H; I Hz I

T'x " Tz

I I I
syndrome operators stabilizers

Cohomology Group = Z Logical Operators
H'(C,T) = ker 8" /imo™* = ker (Hx) /im (Hz)
k * *
=L

Vo € Lz, Z(p) = Z(ply+ vHz), Lye zlktk)xn
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Example

+1 -1 0 0
Hx=|0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 41 +1
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Example

+1 -1 0 0
Hx=|0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 41 +1

z=¢(1 1 0 0)cker(Hx) iff¢p =7
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Example

+1 -1 0 0
Hx=|0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 41 +1

z=¢(1 1 0 0)cker(Hx) iff¢p =7

A Logical Qubit
X=X((0 -1 +1 0)), Z=Z(x(1 1 0 0))

Christophe VUILLOT Homological Quantum Rotor Codes
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Noise Models

Pauli Noise
Vm € Z, P(X(m)) = Nxexp (—BxVx(m)),
Vo €T, P(Z(¢)) = Nzexp (—B8zVz(¢))-
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Noise Models

Pauli Noise
Vm e Z, P(X(m)) = Nxexp (—BxVx(m)),
Vo €T, P(Z(¢)) = Nzexp (—B8zVz(¢))-

Possible Choice

Vo) = sin? (3 b2= 2

g

Vx(m) = |ml| Bx = —logp

Christophe VUILLOT Homological Quantum Rotor Codes

Conclusion

20/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations
000000 00000000 000000
00060 ©00000 felele) 8

Noise Models
Pauli Noise
Vm e Z, P(X(m)) = Nxexp (—8xVx(m)),
Vo €T, P(Z(¢)) = Nzexp (—BzVz(9)).

Possible Choice

Vo) = sin? (3 b2= 2

g

Vx(m) = |ml| Bx = —logp

Weight Function

W) = ; Vz(¢;) = ;Si"z (?)

Wx(m) =) Vx(m)) = ||ml|s
=
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Distances

X Distance

dx = mi in Wx (mL H
= iy min, W (mbx+ st
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Distances

X Distance

dx = mi in Wx (mL H
= iy min, W (mbx+ st

Z Distances

dz = min min Wz (éLz+vHz)
$#0 vET"= Wz(¢)
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X Bound

X Distance
Given a quantum rotor code C™*(Hx, Hz), denote as dy the X
distance of the corresponding qupit code CP(Hx, Hz), then

dx > max d
X = pcp X

where P is the set of qupit dimensions for which there exists a
logical X of minimal weight in C™* non trivial in CP.
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Spreading Z Operators

+1 -1 0 0
Hx=[0 0 +1 -1 Hz=(1 1 1 1)
-1 -1 +1 +1

z:(7r m 0 0)
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Spreading Z Operators

+1 -1 0 0
Hx=|0 0 +1 -1

Hz=(1 1 1 1)
-1 -1 41 +1

z:(7r m 0 0)

N
I
—~
3
3
o
o
N—
|
|
5

1
—~
N
N

|
N

|
[SJE
SN—
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Z Bound and Disjointness

Given CrOt(Hx, Hz),
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Z Bound and Disjointness

Given C™%(Hx, Hz), pick a set Ax of Nx disjoint logical X
representatives with only 0,41, —1 values.
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Z Bound and Disjointness

Given C™%(Hx, Hz), pick a set Ax of Nx disjoint logical X
representatives with only 0, 4+1, —1 values. Define
DX = MaXmeAx \m\
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Z Bound and Disjointness

Given C™%(Hx, Hz), pick a set Ax of Nx disjoint logical X
representatives with only 0, 4+1, —1 values. Define
Dx = maxmea, |m|. Then for sufficiently large Dx and dx, one

can lowerbound the distance of a particular conjugated logical
Z(a), XZ(a) = e Z(a)X, as

NXDXsin2 (ﬁ)

07 >
257 sin(9)
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Code Parameters

A homological quantum rotor code, C™*(Hx, Hz), is described by
the parameters

[[n’ (kv dl : d2 et dk’)7 (dX7 5Z)]]rota

if it is defined on n quantum rotors,
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Code Parameters

A homological quantum rotor code, C™*(Hx, Hz), is described by
the parameters

[[n’ (kv dl : d2 et dk’)7 (dX7 6Z)Hrot)

if it is defined on n quantum rotors, encodes k logical rotors
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Code Parameters

A homological quantum rotor code, C™*(Hx, Hz), is described by
the parameters

[[n’ (kv dl : d2 et dk’)7 (dX7 5Z)Hrot)

if it is defined on n quantum rotors, encodes k logical rotors and
K logical qudits of dimensions dy, ..., dg
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Code Parameters

A homological quantum rotor code, C™*(Hx, Hz), is described by
the parameters

[[n’ (kv dl : d2 et dk’)7 (dX7 5Z)Hrot>

if it is defined on n quantum rotors, encodes k logical rotors and
K logical qudits of dimensions dfy, ..., d¢ and has X-distance dx
and Z-distance 4.
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Codes from Cellular Homology in 2D

o

c: & 2% g 2% G withood=0
I I I
7F 7E 7V
I I Il
faces edges vertices
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tum Rotors
DO

Codes from Cellular Homology in 2D

c: & 25 o 25 G  withood=0
I I I
v/ ZE zv
I I I
faces edges vertices

Example: Projective Plane
ZLEN
@ v
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Projective Plane (Co)Homology

Homology Cohomology

Coefficients | G —2 G —Z— Go | G L ¢ +Z

z 0 Z z |z 0 Z
T 7 0O T |o Zz T

Ly ZLp L Ly | Zo L L
Zs3 0 0 Zsz | 0 0 Z3
R 0 0 R 0 0 R
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898300 38388300 998000 :
Thin Mobius Strip
1 2 3 N-1 N

N+1 N+2 N+3 2N-1 2N

[2N, (0,2), (2, N)]

rot
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o]

o

w x N Mobius Strip

....... v
....... _
....... =7

Christophe VUILLOT Homological Quantum Rotor Codes 29/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion

w x N Mobius Strip

- (0 ()]
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000®00 00

w x N Mobius Strip
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w X N Cylinder

HzNW— N, (0,2), (w,@ (g) Lt (pick N = w?)

Christophe VUILLOT ‘ Homological Quantum Rotor Codes 30/44



Quantum Rotors

000000
0000

Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion
00000000 00000e [o]e) [o]e]
600000 60606 o}

o]

Real Projective Space
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000008

Real Projective Space

:\/

[3V2 — N2,(0,2), (N, N)]

rot
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Construction from Product of Chain Complexes

c. zme X gnc | p. ogm 22, gmo
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Construction from Product of Chain Complexes

¢ oP
C: Z"c — 7Z'c D:. 7Z"'™ — ZmD
T
CRD: 7,mcnp HX; 7,ncnp+mcmp HZ; 7,ncmp
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Construction from Product of Chain Complexes

¢ oP
C: Z"c — 7Z'c D:. 7Z"'™ — ZmD
T
CRD: 7,mcnp HX; 7,ncnp+mcmp HZ} 7,ncmp

Hx=(0°®@ 1, —1mc®0P)  Hz :(1nc®aDT aCT®11mD)
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Kiinneth Theorem

¢ oP
C: G — G D: Dy — Do

Homology Group
H1(C ® D) ~Hy1(C) ® Ho(D)
® Ho(C) ® H1(D)
@ Tor (Ho(C), Ho(D))
Free+Free

Hi(C ® D) = Zkcko

Repetition code + good LDPC
= [[n7 (%7 0)7 (\3/E7 %)]]rot
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Kiinneth Theorem

o¢ P
C: G — G | D: Db — Do

Homology Group
H1(C ® D) ~Hy1(C) ® Ho(D)
® Ho(C) ® H1(D)
@ Tor (Ho(C), Ho(D))

Torsion+Free

k
CoD) = (20 6 67,)"
C

Sign-twisted repetition code + good LDPC
= [[na (07 2%)7 (\%a %)Hrot
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Kiinneth Theorem

¢ oP
C: G — G D: Dy — Do

Homology Group
H1(C ® D) ~Hy1(C) ® Ho(D)
@ Ho(C) ® H1(D)
@ Tor (Ho(C), Ho(D))
Torsion+Torsion

Hi(C ® D) = @ chd(d,-,li,-)
I'E[klc]vje[k/D]
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Matrix with Torsion

Pick H € {0,1}{("=9*" fyll rank parity check matrix of binary code
Cp. Define
M= HTH (mod 2) € {0,1}™".
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Matrix with Torsion

Pick H € {0,1}{("=9*" fyll rank parity check matrix of binary code
Cp. Define

M= HTH (mod 2) € {0,1}™".
If Mis full rank (over Z) then you only have torsion for codewords

of Cy,
Vx € Cp, Mx=2w, w¢im(M)
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Hamiltonian for the Code

Given C™*(Hx, Hz) we can define the following Hamiltonian

Heode = —rZXcos <hJX é) + Z <hjz-f)2
=1

Christophe VUILLOT Homological Quantum Rotor Codes

Conclusion

35/44



Quantum Rotors Homological Quantum Rotor Codes Constructions Physical Realizations Conclusion
000000 00000000 000000 [ 1)
00060 600000 felele) 8

Hamiltonian for the Code
Given C™*(Hx, Hz) we can define the following Hamiltonian

Hroe = _z (1-6)+ 3 (h72)°

The groundspace of Hyqe is the code. Can it be realized?
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Superconducting Circuits

Circuit elements

e Josephson junction — — cos(f; — )

a2
® |solated large capacitance — ~ (El + Eg)
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Superconducting Circuits

Circuit elements

e Josephson junction — — cos(f; — )

a2
® |solated large capacitance — ~ (El + 82)

No-go for JJ based subsystem rotor codes

Rotor subsystem code with only X,-X;f—type X-gauge generators and
any Z-gauge generators can only encode logical rotors.
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Superconducting Circuits

Circuit elements
e Josephson junction — — cos(f; — )

a2
® |solated large capacitance — ~ (El + 82)

No-go for JJ based subsystem rotor codes

Rotor subsystem code with only X,-X;f—type X-gauge generators and
any Z-gauge generators can only encode logical rotors.

= Need a perturbative approach
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0 — 7 Qubit

E;Cy
0 0>
C C
O E;,Cy 01
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Kitaev's Current-Mirror/M®obius Strip Qubit
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Physical Realizations

Kitaev's Current-Mirror/M®obius Strip Qubit

1 2 3 N-1 N
N+1 N+2 N+3 2N-1 2N
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Summary

Defined Homological Quantum Rotor Codes

® |ogical rotors or logical qudits without modular constraints

X-distance straightforward, Z-distance more tricky

e Can construct codes with at least /n-distance

Describe 0-7 type protected superconducting qubits
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Future Directions

Superconducting circuits for any homological rotor code?
Explore 3D codes (toric/Haah)

Rotor code — number-phase code — multimode cat code?

Systolic freedom and the relation with torsion?

Active realizations?
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X

Christophe VUILLOT Homological Quantum Rotor Codes

41/44



Details
®00

Spread-out Logicals for the Mobius Strip
m

__ +n/5 |mn/5 +m/5
L -2n/5  |H42n/5 |-2m/5
. -21n/5 |+2m/5 |-2m/5
__ /5 Jn/5 Hm/s
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Spread-out Logicals for the Mobius Strip

+m/5
+21/5
+41/5
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Hamming Code Examples

1110010
H={0 111001 Hyi(H) = z*
1011100
1000 -1 -1 0 1000000
c_l0o1ro00 0 -1 -1 __ 0000100
~ 10010 -1 -1 — “looo0o0010
0001 -1 0 - 0000O0O0O0?1
Christophe VUILLOT
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Square Hamming Code Parity Check Matrix

0101110
1001011
0010111
H'™H (mod2)=|[1 1001 0 1| H=Z3aZ
1011100
1110010
0111001
-10 0 101 -1 1 0 0 -1000
c_|-1t0o 0011 0], (1010000
¢ {-11 0 o010 -1] € |1 -10 0 0O0°O0
-1 1 -1111 -1 1 0 0 0 00O
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