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Back in 2019...

Do you want to participate in Q-feedback ?
Of course, | would love some support on my GKP project !

I’ll send you the draft to check the GKP part

The scientific part is great, but why are you requesting 1.9 million euros only ?

| don’t really know how to spend more...

... Have you ever thought about buying a dilution cryostat ?




And in 2021...

“ Pierre, meet your fridge, Boris ! “
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Bits and qubits



Bits and qubits

1 qubit state = normalized vector in 2D Hilbert space

lY) = a|0) + e¥V1 — a|1)

Pauli matrices: Bloch sphere representation:

=G o =G =G 2%



Bits and qubits

@(1000000) + e'%12,]000001) + €'%2a,|000010) + ---

N qubits state = normalized vector in 2V- D Hilbert space



Bits and qubits

(|000000) + e'®1,1000001) + €!%22,|000010) + ---

N qubits state = normalized vector in 2V- D Hilbert space

Quantum computation = unitary transformation = physical evolution



Physical platforms

Trapped ions Spins in semiconductor
(picture : Innsbruck university) (picture : Basel university)

—
-

Rydberg atoms Photonic chips Superconducting circuits
(picture : Max Planck institute) (picture : Oxford)



Noise

t5]000000) + et 10;]1000001) + €i02&,]000010) + -

v

Coupling to environment — stochastic evolution



Quantum error-correction
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Bit flips and phase flips

Bit flips

Phase flips




Discrete variable codes: repetition code

Bit flips
Phase flips
Noise is local (uncorrelated errors)

X

‘1{ 1)]0)|0) ; 1)|1)]0) \

< 0)|1)|0) 57 1)|0)]1) «— |=Z,)=[D)1)
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Zl,Zz,Zg X3 O O

Stabilizers: {ZlZz,Z2Z3,Z3Z1}



Discrete variable codes: repetition code

Bit flips

Phase flips
Noise is local (uncorrelated errors)

er ZZ! ZB

+7,)—|—-Z
) N o b e

V2




Discrete variable codes: surface code

Local noise:

O*@*0*x@*x0*x@%x0

Fowler et al., PRA 2012

Stabilizers: Z;Z:7,.7;, X; X X X
{ LEjaRaL AR AT }L,j,k,landi’,j’,k’,l’adjacent




Bosonic qubits
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he harmonic oscillator

| +Z)
@ Dynamics (Schrodinger picture):
1 1
Ho = — 2 _(1)2
| 7) 0=2c¥ 31

Harmonic oscillator

[Y(©)) = e~Hot Ry (0))




| +Z)
( D,
a*( ) a
@ C p
=2 Harmonic oscillator
JI
L g — C
1
w=1/VLC qo = (hZ)"Y? @ a = (qo +ipo)/ V2
1
Z=\L/C  po=(Z/M)ZQ a’ = (qo — ipo)/ V2

he harmonic oscillator

Dynamics (Schrodinger picture):
Ha = l 2 2
0=5 w (g5 + pp)

o (D)) = e Hot/hy, (¢t = 0))

[qO' pO] =1
la,a™| =1
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C p
=2 Harmonic oscillator
JI
L g — C
|
w =1/VLC qo = (hZ)"Y? @ a = (qo +ipo)/ V2
1
Z=\L/C  po=(Z/M)ZQ a’ = (qo — ipo)/ V2

he harmonic oscillator

Dynamics (interaction picture):

W(@®) =pE=0) (H=0)



State representation

Wavefunction Wigner distribution
_ 1 (< .
VreR, qlrg = rir, Wa.p) =~ | ¥+ rwia-ne?rrdr
p|r>p = T'l?")p oo
Vacuum state:

W) = o) L

Br) = S

B = i) g, L /\ "
4

Density matrix 21

p= Zpi i )b

l
Z pi — 1 _6 T T T T
: -50 -25 0.0 2.5
l




State representation

Wavefunction Wigner distribution

Vr eR, qlr); =7lr),

1 (@ .
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Wavefunction

Vr eR, qlr); =7lr),

p|r>p = T'l?")p

Y(r) = q(rw})
P(r) = H(rlp)

Density matrix

p= Zpi i )api]

l
zpi=1
i

State representation

Wigner distribution

1 (@ .
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Nolise structure

| +Z)



Nolise structure
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Noise structure
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Noise in non-linear circuits

Diffusive evolution

tp g Low-order dissipators :
gl

. P — k (1+ ngy) Dlal

- , q K Ny, D[a*]

| +2) 21 Dlatal

| — Z)
H.(t) = f(®,1) = z fue® (ata)‘a™ + h.c.
nk
‘I n,k—oo
% 1. Low-order non-linearity: f,,——0
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Noise in non-linear circuits

Diffusive evolution

IR g Low-order dissipators :
Distant states g
— NN " E— K (1 + ng,) Dlal
no flip at short time p q K Ny D[a*]
|+ Z) 2K ¢ D[a*a]
k
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Outline

1. Bosonic codes: structure

2. Bosonic codes: dissipative stabilization

3. First experimental steps



Schrodinger cat qubits

Code : Span{|+a), | — a)} Stabilizer: S = a? —a? + 1
A p
|+Z) a
- o [+X) = 1Cg) ~ |+a) + |—a) €—> |[-X)=[Cy) ~ |+a) — |-a)
q
(Even) (Odd)
) ~ Y ) pny +a)
@)~ alta)=ta|+a
Mirrahimi et al., NJP 2014 o \/m )



A half-protected qubit
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|+Z) = |la) <=---- > |-Z) = |-a) [+X) = |Cq) «<—> |-X)

Réglade et al., Nature 2024



Repetition cat code

=] =
transmon
ancilla qubit L/\/\* 8 \) Guillaud & Mirrahimi, PRX, 2019

cat

data qubit :

&)
buffer @_)) @f}ﬂ
mode

Putterman et al., Nature, 2025

XiXj (joint parity) = photon-loss detection



Repetition cat code

Guillaud, Mirrahimi, PRX, 2019

M‘ Putterman et al., Nature, 2025
&) . Q
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S;i=af—a’?+1(i=1223)

Distant vs photon loss

o7 leeDCs) <= |G C)CE N
+X) = [CHICHICT) <> |CHICT)ICE) f}j colehicyy <« |-X)=|Co)ea)ICy)
™ ICHICHICE) <« ICHCHCZ) &7




Repetition cat code

=

) \/> Guillaud, Mirrahimi, PRX, 2019

i = | ‘ Putterman et al., Nature, 2025
)
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S;i=af—a’?+1(Gi=1223)

|+Z) = |[+a)|ta)|+a) + Distant supports |—-Z) = |+a)|+a)|—a) +
+a)|—a)|—a) + «—> +a)|—a)|+a) +
—a)|+a)|—a) + —a)|+a)|+a) +
—a)|—a)|+a) —a)|—a)|—a)




4-legged cat qubits

Code : Span{|C}), |C;")} Stabilizers: S,4, =a*—a*+1
Sna = eima’a —>  Photon-loss detection
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p ju—
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o & 0 Coa CL,)

/N

~
P

C&.4)

|—X)
Mirrahimi et al., NJP 2014



8-legged cat qubits

Code : Span{|C2,), |Cgi”/4a,4>} Stabilizers: S,g=a%—a®+1
i
Sng = ez?'a —>  Photon-loss detection
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The GKP code

. Y@ N fp(p)
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Gottesman, Kitaev, Preskill, PRA, 2001



The finite-energy GKP code

€ 2,2
——(q*+
0=e 4 ﬁ(q pP°)
Infinite-energy code — Finite-energy code
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Royer, et al., PRL, 2020
Gottesman, Kitaev, Preskill, PRA, 2001



Advanced bosonic qubits

Rotation-symmetric codes

cat squeezed cat

Translation-symmetric codes

¥ ()

4

- - »

0 Vm

Grimsmo, Combes, Baragiola., PRX 2020

binomial

Ma,r, @)

Gottesman, Kitaev, Preskill, PRA 2001

q

eli2\mq

el2Nmp

S,=U(a"—a™+1)U"

Spn =€ ™n

High-order stabilizers



Outline

2. Bosonic codes: dissipative stabilization



Stabilization flavors

/ Hamiltonian \ / Dissipative \ / Measurement- based\

H=KGS-1D"(s-1) kD[S — 1] Kk M[R(S) — 1] + feedback
E
—_— { X
¢ I
e X
% % ) )

. AN AN /

A "
+ colored bath If feedback o< 3(8)

Putterman, PRL, 2022 Chia, Wiseman, PRA 2011




Two-legged cat qubits

Code : Span{|+a), | — a)} Stabilizer: S = a® — a? + 1

Dissipative Hamiltonian

Re(a)

2
k, D[a? — a?] H=-K (a* — az) (a? — a?)

Réglade et al., Nature 2024 Grimm et al., Nature 2020



Dissipative stabilization

Memory Buffer
g2a’h’
+h.c.
Hine = g, a?b" + h.c. — Kk, D[a?]
Adiabatic
92 K Kp elimination

Robin, Rouchon, Sellem, Annales Henri Poincarré 2025




Dissipative stabilization

Memory Buffer a?
—— (b +b"
92
Q <N\
g,a2h’ KpD|[b]
+h.c.
Hipe = g5 (a? — a®)b" + h.c. —— Kk D[a* —a?]

Adiabatic
92 K Kp elimination

Robin, Rouchon, Sellem, Annales Henri Poincarré 2025



2-photon exchange

Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020

fcircuitQED cheat sheem

] u
gz% X| v




2-photon exchange

Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020

fcircuitQED cheat sheem

]| q1 )
ga%>(v

[®,0] = in
1
U- = —q?
C ch
1
U = —®?2
L=9p




2-photon exchange

2/ (HE > vEH

H = Hgyqq — Ej cos(@;, — @1 ) — Ejcos(oy, + 2 )

Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020

fcircuitQED cheat sheem
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Z_phOtOn eXCha nge Equivalent circuit

E;
X >< 1T B X X E;
A eili= r 3
Y1 P2 R L
( (
1 0p)

H=wsaa+ w,b"b —Ejcos(pq + ¢, — 1) — Eycos(pq + 0, + @2 )

PzPFa = W Vg = Qzprq(a+ ah

_ t
— |nZ. /R Pp = Pzprp(b +b')
Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020 PzPFp nZy/Rq



Z_phOtOn eXCha nge Equivalent circuit
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H=wia"a+ w,b"h - E; cos(cpa + @, —m— e(t)) —E Cos(goa + @), + e(t))

PzPFa = W Vg = Qzprq(a+ ah

_ t
— |nZ. /R Pp = Pzprp(b +b')
Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020 PzPFp nZy/Rq



Z_phOtOn eXCha nge Equivalent circuit

v+ (HE = Vinla @}

— 0000
=

m+e(t) e(t)

s s
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H = wqata+ w,b"b + 2E; sin(e(t)) sin(p, + ¢5)

PzPFa = W Vg = Qzprq(a+ ah

_ t
— |nZ. /R Pp = Pzprp(b +b')
Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020 PzPFp nZy/Rq



2-photon exchange

/4 (HE vHH (+

m+e(t) e(t)

H = wqata+ w,b"b + 2E; sin(e(t)) sin(p, + ¢5)

=<$F+=<$g +=§<g+...

Asymmetrically Threaded SQUID: Lescanne et al., Nat. Phys. 2020

Equivalent circuit

E] X X E]
— % b
s s
( (
P1 P2

Pa = Pzpra(a+ a®)

¢p = @zppp(b + bT)



2-photon exchange

Kerr-free
Operated at sweet-spot

H = waaTa + + 2E; sin(e(t)) sin(p, + ¢})

Rotate +

RWA
2 2
— Wp =®_ PZPF,a + h.c.

% +0(9zpF)

Equivalent circuit

E; X

$axa
%,»

P1

Pa

P2

= @zprq(a+ a®)



Dissipative stabilization of 4-legged cats

Memory Buffer
—— (b +b™)
x x KbZ)
gsa”
+h c
Hipe = g4 (a* —a®b" + h.c. — K, D[a* —a?]
Adiabatic
9s K Kp elimination

Mirrahimi et al., NJP 2014
Simoni et al. , arXiv, 2509.05734



From low-order to high-order interaction

4)
c
o
5 % — a?le)(g|e?st + h.c. Raman cascade
5412 Y - —_— a*|f\{g| + h.c.
g‘ : — 0) a?|fNele ™t 4+ h.c.
g — T
S 0) — =" |e) Adiabatic
O lg) elimination
’ [ — 4 Dla*]

Transmon excitation

Mundhada et al., PRA 2019



From low-order to high-order interaction

4)
c
o
5 % — a?le)(g|e?st + h.c. Raman cascade
5412 Y - —_— a*|f\{g| + h.c.
g‘ : — 0) a?|fNele ™t 4+ h.c.
g — T
S 0) — =" |e) Adiabatic
O lg) elimination
’ [ — 4 Dla*]

Transmon excitation

Mundhada et al., PRA 2019

Finite A : residual k, D|a?|



Genuine high-order interactions

H=wya%a +
+2E; sin(e(t)) sin(goZpF,a(a +a) +

=($>_+=<$g +=<gg+...

Equivalent circuit

%a
%ﬁ

X E

P1 %,

PzPF,a = /T[Za/Rq



Genuine high-order interactions

Equivalent circuit

H=wsa'a+w,b"h
+2E; sin(e(t)) Sin((PZPF,a(a +a®) + ©zprp(b + bT)) % a

VWA 2&‘“‘“’” @zpra @ Pzprp b+ hec.
4w, — wp
‘5771 o o

% 1 7 7
P1 %)
ik, D[a*]
®zpPF,a ®zPFa = /T[Za/ R,
~1
PzPF,b 1

PzPFp = 7TZb/Rq



Dissipative stabilization of GKP qubits

D[SE — I] = D[e>V™a(I — ep) — I

D[S§ — I] = D[e~2V™P(I — eq) — ]

Sellem et al., PRX, 2025



tion of GKP qubits

1Zd

issipative stabil

D

— ~ —
r— P— _ P—
oy
| _ —_ _
~ = & =
Q O + O
v o+
_ Py \— Py
—~ — ) —
S & & B
_m E g &
A _ A
N _e W) Q
e —] —]
— [ ﬁU mU
» & ] U
2 z — —
— — | |
Py Py
_ _
| | S Y
w S w w w
_S_ _S_ _S_ _S_
A A/ fa A

4-dissipator dynamics

~ d{q mod /) + i d{(p mod /1)

~d{q + ip)

. -—-— -

- e - - -— -

-

AN YN X . A A7 ARNNN X » A AN
EINNNN A/ NN\t
PINNNN Y 27/ /77 \\\\t /0
ANNN N b A T AAANNNN A A A
VAL / V NNV YL /NN
VA7 7V NN\ 7/ 8 NN\
VA7 7V NN/ /7 /8 NN\
VAL ¥V NNV YLy /o NN
%/4/4// . \\\\\\r//l// » \\«\1\»
EINNNN A/ NN\t
EINNNN A NN St
AXNN Y b /1 7770 XKKNNN bW A 7770
VAL / V NNV XL /NN
VA7 7 VNNV 7/ 8 NN\
VA7 7V NNNNW/ /7 /8 NN\
VAL ¥V NNV XLy / VNN
S o &
ol AN
SINNANVVN v
SAMNNNNNN R s
ANV ALY NN NN
SSNNNLL N LY FA S S

TSN Y
TSN N LY
TSSSSNONONONC L LY
o NN Y T T T
it N N U W IR N
- > 2 A 4 & a
- = = -

E R AR A IR SR R

4 4 4 4 &4 - -
P
A I T T A

PSS A
R
AN L e

A N Y

[ VA A e

4 4 4 4 4 & < <

P e e e

Y Y Y Y Y W - -

— ¥ XA A a v L A S N S S e .
S 2 20 2V VNN
e A XSS A Ay N RN N N NN
S P A A AVEENE N VA NANA N N, NCRS
S . A VRN WA VAN N, \CNOg
e 7SS 1 NN NN N
YDA A I EVEEE S W U W U (AN
Aart PP oot Y N
srt ootV Vs
T T T T T
S o &
o (Q\

dl

2T
Sellem et al., PRX, 2025

2T —21

nq

—2T



tion of GKP qubits
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Modular interactions from low-order interactions

PCl et al., Nature 2020
Sivak et al. , Nature 2023
Nord Quantique, PRL 2024
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Modular interactions from low-order interactions

PCl et al., Nature 2020

€
— I \/’E
Sivak et al. , Nature 2023 _( an()'z)—_ Tep = 7
Nord Quantique, PRL 2024 g
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Environment
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Physical qubit errors — GKP qubit errors



Hamiltonian stabilization of GKP qubits

Goal : Hggp = —E cos(2v/nq) — E cos(2+/tp)

1
Ho = —Q* + -~ ®* — E; cos(®/¢o) [®, Q] = ih

ZQCXE] ;:C

Kolesnikow et al., PRL, 2024
Sellem et al., PRX, 2025



Hamiltonian stabilization of GKP qubits

Goal : Hggp = —E cos(2v/nq) — E cos(2+/tp)

H :1 2 2y _F =i
0 20)(% + p5) — E; cos(nqo) g0, Pol =i

ZQCXE] ;:C

Kolesnikow et al., PRL, 2024
Sellem et al., PRX, 2025



Hamiltonian stabilization of GKP qubits

Goal : Hggp = —E cos(2v/nq) — E cos(2+/tp)

1
W= n = /ZnZ/R
H(t) = —E;cos(nqq (1)) [q,p] =i LC 1

ZQCXE] ;:C

Kolesnikow et al., PRL, 2024
Sellem et al., PRX, 2025 Rotating frame



Hamiltonian stabilization of GKP qubits

Goal : Hggp = —E cos(2v/nq) — E cos(2+/tp)

1
W =—— n= /ZRZ/R
H(t) = —E(t) cos(ngo (1)) [q,p] = i VLC !
7=JIJC Ry=65k
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Hamiltonian stabilization of GKP qubits

Goal : Hggp = —E cos(2y/nq) — E cos(2\/tp)

— n = /ZnZ/Rq

_ E
H.rr = H(t) = —% (cos(nq) + cos(np))
7Z=2R

N
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Rotating frame




Modular interaction engineering

Goal : H,,,qg = g cos(2\/mq,) qp H(t) = 2E,; sin(e(t)) sin (naqg(t) +

Equivalent ATS circuit
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Modular interaction engineering
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Modular interaction engineering

sin(1,q9(t)) + )

Goal : H,,,qg = g cos(2\/mq,) qp H(t) = E(6) (cos(n qo(t))

Equivalent ATS circuit

—0000—




Modular interaction engineering
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Modular interaction engineering

cos(1,q9(t)) + )

Goal : H,,,q = g cos(2A/Ttp,) qp H(t) = E(6) (sin(n qo(t))
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Frequency-comb drive
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Frequency-comb drive
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Frequency-comb drive
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(5< N <8) cat codes GKP state & gates

Rojkov et al., PRX, 2026



Outline

3. First experimental steps (4-legged cats)



High-impedance circuit

Equivalent circuit
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Flux and charge drives
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hree-mode circuit
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hree-mode circuit
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Anharmonicity at the saddle point
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wl~"1 121 (GHZ)

Anharmonicity at the saddle point

¢ = @zprala+al)+

) % N
4

Hasym = 6E; cos(¢)

4.161
4.157
4.14 1
4.13;

+ QzpFr (7” + TT)



Anharmonicity at the saddle point
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wl~"1 121 (GHZ)

Anharmonicity at the saddle point
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Anharmonicity at the saddle point

E; + 8E,; /2

= 8E; cos(¢p)

¢ = @zprala+al)+

5)a

4),

3)a

2. E, — 6E;/2

1, tEX

0)e \{

Hasym
wl>"1 121 (GHZ)
4.161 o g
4.15- . ®
4.14 o €XP.
4.134, e Sim.
0 5 6

+ QzpFr (7” + TT)

DO
3 0o

N junctions
X X
_* Ep, 4 Ej *
Henain = — 24 N2 ¢ H2<p = ZCOS(Z(P)
]2

TN—>E V(@) = —Ej cos(g;) + 7 Cos(29:)

€, E] L
€; = h X 2THz (E2p/Ep = 0.2 %)



State-dependent dissipation
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4-to-1 photon exchange
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4-to-1 photon exchange
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4-to-1 photon exchange
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Dissipating quartets of excitations
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Dissipating quartets of excitations
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Adapting the ATS’s design m
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Adapting the ATS’s design

wm——><& — X

Too few i

junctions HHHEEEE i
¢

Too long tracks %

X

s
X
*
¢
9(

ASYmmetry  |5esesee




3-SQUID: a mechanical analogy
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3-SQUID: a mechanical analogy

T



Adapting circuit design : spatial symmetry
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Conclusion

Vanselow et al. , PRX, 2026 : Current version:

Building a platform for clean
high-order dissipation engineering

Goal : dissipative stabilization of
advanced bosonic qubits

Challenge : Spurious non-linear processes
(anharmonicity, parametric loss)
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