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© Cooled down to ~20mK

© Frequency filtered

© Amplified

Inevitable coupling to bath
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Quantum error correction

Error discretisation theorem

Phase-flip § Correcting Pauli errors = correcting arbitrary errors

Bosonic codes
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Google Quantum AI, Nature 2022
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Cat qubits

© Cat qubits are exponentially biased against bit-flip errors

Thit—fiip (US)

© A repetition code takes care of phase-flip errors

oSy

I:IMeasure qubit xData qubit with error

© Inner: cat qubits (bit-flips)
Outer: repetition code (phase-flips)

Mirrahimi et al., NJP (2014); Guillaud et al., PRX (2019); Lescanne et al., Nat. Phy. (2019)
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Dissipative cat qubits
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Fault-tolerant universal QC

© Preparation (X)
Guillaud et al. (2019) € Measurement (X)

© Bias-preserving gates

Pauli X Z rotation CNOT Toffoli

© For Kerr cat qubits =5 | — [ x exp(—ngate) (adiabatic theorem)

© For dissipative cat qubits =% 1 — F' o< 1/T,ate (Zeno effect)

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Summary of PhD contributions

Work on cat qubits

© RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)
© D.Ruiz RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)
© RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

€© U.Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

Work on optimal control of open quantum systems

© RG,E. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

© P.Guilmin, RG, A. Bocquet, E. Genois, dynamigs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation

10



Summary of PhD contributions

Work on cat qubits

© RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

© D.Ruiz RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)

© RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

€© U.Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

Work on optimal control of open quantum systems

© RG,E. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

© P.Guilmin, RG, A. Bocquet, E. Genois, dynamigs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation

10



Summary of PhD contributions

Work on cat qubits

© RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

© D.Ruiz RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)
© RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

€© U.Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

Work on optimal control of open quantum systems

© RG,E. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

© P.Guilmin, RG, A. Bocquet, E. Genois, dynamigs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation

10



Bit-flip lifetime of cat qubits
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Dissipative cat qubits
© ~1msin 2019

© >10sin 2023

© Exponential =» Saturation

Kerr cat qubits

© ~500usin 2022

© Exponential =» Plateaus

€© Saturation predicted in
2021 by Putterman et al.

© Why plateaus?

Bit-flip lifetime of cat qubits

2019: Lescanne et al.

Thit—flip, sat = 1 ms

_____________ — D) = O
o'b'e'

Thit—flip (US)

s)
= N w A 8y
o o o o o
o o o o o

1 1 1 1 1

Coherent state lifetime Ty (us

o
l

o
N
I
(@)
00
-
o

2023: Reglade, Bocquet et al.

1074 ,
//
//
//
1 ’ y
10 & SN
S
z \Q’ 'Egvu
—1 S o
<! 10 O L
~ N e’
b32(4%/
J| T
10 dg//
o
/Q"’
5 10
042

July 2021: Putterman et al.

100_; mmm= No dissipation Nink1/2
N : 3 filter modes

-1
E 10 i v \ / NZ NZ N N N/

x E /N VS NN N\ VS /N M
~— 10_2 .
=

Il Sl e e

AN -3 ] X
1073 4 -
104
10~° -
4 § 8 10 12
o2

11



The spectrum of Kerr cat qubits

H=—-K(a" - o**)(a* — a?) +

12



The spectrum of Kerr cat qubits
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The spectrum of Kerr cat qubits

H = —-K(a"™ — a*?)(a® — o)

© Gapped spectrum

© Standard Tunneling Model
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The spectrum of Kerr cat qubits
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Gautier et al. (2021)

Bit-flip plateaus

- Ny, = 0.01

/ 3
® / =
-— ~" o ~ -
PR 0 400
£
£ 300
9 Q
S
® 200-
s
v
2 100-
O
| | Q
10 12

Frattini et al. (2022)

10

14



Gautier et al. (2021)

Bit-flip plateaus

-- Tth — 0.01 0/// %
— ‘AR ~ -
PR o g o 400
% £
/ )
= 300-
/ =
/{)—-07-0-—0—-0——<>~ ?/ 9 %
/ l' ) + _
?: *> Analytical Numerical é 200
Q
2 100+
@)
| | | | | | O
2 4 0 5 o 10 12
o

Frattini et al. (2022)

10

14



Gautier et al. (2021)

Bit-flip plateaus

4

/
b

/

- Ny, = 0.01

LO—Os = OO ~O

> Analytical

/4
/

o,

() Numerical

2 4 6
af*

8

10

12

-

>
I~
Q
&
=
Q
=
Q
-
©
-t
n
-
-
Q
—
Q
<
O
O

(us)
— N w S o
(-] () o () o
(@) o (-] o (@)
1 | | 1 |

Frattini et al. (2022)
!

How to retrieve an exponentially biased Kerr cat qubit?
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Retrieving the exponential

Combining with two-photon dissipation

do _

= —i[Hkerr, p] + K2Da’® — a®]p

© Competition between K and Ko

© Fitto T'x o< exp(y]a|*)

K

A
X
N
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10~1

15



Retrieving the exponential

K S ko
Combining with two-photon dissipation i i
dp 2 f------3 = - oo drommomooosseoeeee
- = —i|Hkeorr, p| + /{QD[CLQ — a2]p i
= i
© Competition between K and Ko 1F l
© Fitto Tx o exp(7y|al?) —e— with 7¢, ,
—S— with Ky i
0 L' | | |
10~ 10* 10°
The two-photon exchange Hamiltonian K ko]
dp ,
at = —i|HrpE, p|] + @D[CLQ — 042],0
with Hrpg = ¢g2(a® — a®)oy + g5 (a™ — a*?)o_

© Jaynes-Cummings-like interaction between
a two-photon memory and a qubit



Retrieving the exponential

Combining with two-photon dissipation

d .
Eg:=-—dfﬁanmﬁﬂ%—ﬂzfﬁaQ—-a2h>
© Competition between K and Ko

© Fitto T'x o< exp(y]a|*)

The two-photon exchange Hamiltonian

dp
dt
with Hrpp = gg(CL

—i[Hrpg, p| + k2D[a” — °|p

2 2

—a®)oy + g5 (a

© Jaynes-Cummings-like interaction between
a two-photon memory and a qubit

© Eigenenergies F,,/gs = ::\/en/K

K

A
X
N

—&— with 1t |
—o— with Ko i
| ! | I |
10~1 10 10°
K k2]
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Retrieving the exponential

K S ke g2 ~ 10ks

Combining with two-photon dissipation

do _

= —i[Hkerr, p] + K2Da’® — a®]p

© Competition between K and Ko

© Fitto T'x o< exp(y]a|*)

The two-photon exchange Hamiltonian

dp
dt
with Hrpp = gg(CL

—i[Hrpg, p| + £2D[a” — ”|p

2 2 *2)

— ooy +gia" —a*)o_

© Jaynes-Cummings-like interaction between
a two-photon memory and a qubit
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Retrieving the exponential

Combining with two-photon dissipation

do _

dt-—-—ﬂlfxmm,p]+-%ziﬂa2-—cfﬁp

© Competition between K and Ko

© Fitto T'x o< exp(y]a|*)

The two-photon exchange Hamiltonian

Ao _

dt
with Hrpg = g2(a® — a®)oy + g3 (a™ — a*)o_

. L . -qubi
© Jaynes-Cummings-like interaction between ,S:eit,ﬂ:tg
a two-photon memory and a qubit

© Eigenenergies F,,/gs = ::\/6n/K

—i[Hrpg, p| + £2D[a” — ”|p

© Easier to engineer together with two-photon dissipation

i .
101 10°
K) g2 [/{2]

Dissipative stabilization

Two-Photon [- - - T=====mmm———
Exchanger

i Nonlinear
| High-Q
| Buffer

__________________________________

Hamiltonian confinement
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Combined Hamiltonian and dissipative confinement

Competition between “heating” by leakage,
and “cooling” by two-photon dissipation
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Competition between “heating” by leakage,

Combined Hamiltonian and dissipative confinement

and “cooling” by two-photon dissipation
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Lifetime and controllability of cat qubits

Kerr cat qubits

1. Limited by leakage
2. Weak exponential scaling

[Putterman et al., 2021]
[Gautier et al., 2021]

[Frattini et al., 2022]

16



Lifetime
> o’

Lifetime and controllability of cat qubits

Kerr cat qubits Dissipative cat qubits

1. Limited by leakage _ _
_ _ Exponential scaling
2. Weak exponential scaling

[Putterman et al., 2021] [Mirrahimi et al., 2014]

[Gautier et al., 2021] [Lescanne et al., 2019]
[Frattini et al., 2022]

16



Lifetime
> o’

Controllability
-> Tgate

Lifetime and controllability of cat qubits

Kerr cat qubits Dissipative cat qubits

1. Limited by leakage _ _
_ _ Exponential scaling
2. Weak exponential scaling

[Putterman et al., 2021] [Mirrahimi et al., 2014]

[Gautier et al., 2021] [Lescanne et al., 2019]
[Frattini et al., 2022]

Adiabatic theorem

J

Exponential scaling

[Puri et al., 2019]
[Xu et al., 2022]

16
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Controllability
-> Tgate

Lifetime and controllability of cat qubits

Kerr cat qubits

1. Limited by leakage
2. Weak exponential scaling

[Putterman et al., 2021]
[Gautier et al., 2021]

[Frattini et al., 2022]

Adiabatic theorem

J

Exponential scaling

[Puri et al., 2019]
[Xu et al., 2022]

Dissipative cat qubits

Exponential scaling

[Mirrahimi et al., 2014]
[Lescanne et al., 2019]

Linear scaling

[Mirrahimi et al., 2014]
[Guillaud et al., 2019]
[Gautier et al., 2022]
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Summary of PhD contributions

Work on cat qubits

© RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

© D.Ruiz RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)

© RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

€© U.Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

Work on optimal control of open quantum systems

© RG,E. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

© P.Guilmin, RG, A. Bocquet, E. Genois, dynamigs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation
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Reservoir engineering of two-photon dissipation

Mirrahimi et al. NJP (2014), Lescanne et al. Nat. Phy. (2019)
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Reservoir engineering of two-photon dissipation

Memory Memory + Buffer

Mirrahimi et al. NJP (2014), Lescanne et al. Nat. Phy. (2019)

17



Reservoir engineering of two-photon dissipation

Memory Memory + Buffer

Buffer mode provides inertia =» Gate engineering

Mirrahimi et al. NJP (2014), Lescanne et al. Nat. Phy. (2019)
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Pauli X

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)

Gates based on the Zeno effect

Guillaud et al. (2019)

Z rotation

H = 5ZaT EzQ
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Gates based on the Zeno effect

Guillaud et al. (2019)

Pauli X Z rotation

H=Axa'a H=cza' +¢eza

7TZ

B 16|a|*koT

Pz - ko) *T

Gate errors Cavity lifetime

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)
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Gates based on the Zeno effect

Guillaud et al. (2019)

Pauli X Z rotation

2
7T _.
| %1‘04‘2T Gate-induced errors are

bz only on control qubits

B 16|a|*koT
Gate errors Cavity lifetime

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)
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Unravelling the origin of gate errors

Hamiltonian of Z rotation gate

© H=gy(a®>—a®)b' +e4a+h.c.

Gautier et al., PRXQ (2023)
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Infinite-time dynamics

t—>oo A

© b o

V

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)
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Unravelling the origin of gate errors

Hamiltonian of Z rotation gate v 5
O a — Oy
A . ~ . mn
© H=gy(a* —a*)b' +e5a+h.c X ‘
@)
L
Move in Shifted Fock Basis D ol
~ A N . . = bit auge
© H= 92(a2 -+ 204&)5r +eg0,0a+ eza0, + h.c. N AHP! JaHs
Mean-field description of buffer dynamics
© b+ %/@bb + 1°b = —ve g0, ¢ Drive on 3
£y [tho) = |—a)
Infinite-time dynamics
t EZ
© b—> o,
1%

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)



Unravelling the origin of gate errors

Hamiltonian of Z rotation gate

~

a — O,

v el

qubit gauge

© H=gy(a®>—a®)b' +e4a+h.c.

Move in Shifted Fock Basis

Shifted Fock Basis

© H = g5(a® + 2aa)b' + 46,4+ ezad, + h.c.

Mean-field description of buffer dynamics

© E—I— %/ibb + v%b = —VEZO, Drive on
€z Yo) = |—a)

Infinite-time dynamics

t—>oo A

© b o

V

Generalises Zeno gate errors to 2 modes

7'('2 Rp

16| |*T 4¢3

© py =

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)



From discovery to answers
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From discovery to answers

Markovian feedback
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Rabi oscillations with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it

d
d_';) = —i|H, p|ldt + Ky (Dn[b]pdt Ty j[ﬂ]dNn)

no-jump jump

with ) < 19 < 1 (detection efficiency)
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Rabi oscillations with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it

@ = —i|H, p|dt + Ky (Dn[b]pdt Ty j[ﬂ]dNn)

dt
no-jump jump
1 57— No parity
with ) < 19 < 1 (detection efficiency) \ f\ v |damping
s |
S
(S
R
O_
Assuming 1 = 1 /”\
o I —1=0
. . . ~ — 1 = 1 (no jump)
© Preserves purity (no information lost) \/
—1 I I | \7 l |
0 27 /Qy  An/Qy  6m/Qy 87 /€y

Time



Rabi oscillations with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it

@ = —i|H, p|dt + ki (Dy|b]pdt + T |p|dNy)

dt
no-jump jump
1 No parity
with ) < 19 < 1 (detection efficiency) \ damping
s L
S
S
g
~ 0_
Assuming 1 = 1 /“\ |
S =
© Preserves purity (no information lost) \/ . AJ
—1 I 1 A/ K \7 A Al
0 QW/QZtJ 47T/QZ 67’(’/@2 87T/QZ

© Jump detected = parity swap

X
=» bxo, é; o
y

Time
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Gate engineering with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it + markovian feedback

d
d_';) = —i|H, p|ldt + Ky (Dn[b]pdt Ty j[ﬂ]dNn)

no-jump jump

21



Gate engineering with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it + markovian feedback

dp _
dt

—i[H, pldt + ky, (Dy[blp dt + T[p]dN,,)

NO-

Phase Error

jump

101

10~

jump

Lﬂ

/g2 10/g5 1/go 10/ g2
Gate Time Gate Time

=) Zeno scaling in 1/T
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dp _
dt

—i[H, pldt + ky, (Dy[blp dt + T[p]dN,,)

NO-

Phase Error

jump

10~1

10~°

10—10

jump
CNOT
—_—n=1
1/g2  10/g, 1/g2 10/ g2
Gate Time Gate Time

=) Zeno scaling in 1/T

=» High-order polynomial scaling
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NO-

Phase Error

jump
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jump
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Gate Time
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Gate engineering with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it + markovian feedback

Ao _

— = —ilH, pldt + ki, (Dy[blp dt + T [pldNy)

no-jump jump

10~1

| =) Zeno scaling in 1/T
1074
=» High-order polynomial scaling

Phase Error

Gate Time Gate Time
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Gate engineering with a photodetector

Information is lost through the buffer mode
=) measure the buffer output to retrieve it + markovian feedback

dp _
dt

—i[H, pldt + ky, (Dy[blp dt + T[p]dN,,)

NO-

Phase Error

jump

10~1

10~

107

10—10

jump

Pauli Z

Gate Time

---nnla:g-ﬁnnq N
1/92 10/92
Gate Time

=) Zeno scaling in 1/T

=» High-order polynomial scaling
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Gate engineering with a photodetector

Information is lost through the buffer mode

=) measure the buffer output to retrieve it + markovian feedback

d .
d_’;) — _@[[—L p]dt + Kp (Dn[b]p dt + j[p]dNn)
no-jump jump
10—1 Pauli Z

10~

Phase Error

107

10—10

Gate Time

© Can apply feedback once per QEC cycle

sl ::" --"- LA N
1/92 10/92
Gate Time

=) Zeno scaling in 1/T

=» High-order polynomial scaling
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Gate engineering with a photodetector

Information is lost through the buffer mode

=) measure the buffer output to retrieve it + markovian feedback

d .
d_’;) = —i|H, p]dt + kp (Dy[blpdt + T [p]dNy)
no-jump jump
101
5 |
4 107
()]
o
x 1077
10710 L : --"- AP B
1/g.  10/g:
Gate Time Gate Time

© Can apply feedback once per QEC cycle

© Gate fidelity limited by detection efficiency

=) Zeno scaling in 1/T

=» High-order polynomial scaling
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Gate engineering with a photodetector

Information is lost through the buffer mode

=) measure the buffer output to retrieve it + markovian feedback

d .
d—i = —i[H, p|dt + £y, (Dy[blp dt + T [p]dN,)
no-jump jump
10~1
5 |
4 107
()]
o
x 1077
10720 L o A | Y : AP I
1/go 10/g; 1/g 10/ g2
Gate Time Gate Time

© Can apply feedback once per QEC cycle

© Gate fidelity limited by detection efficiency =p Autonomous feedback

=) Zeno scaling in 1/T

=» High-order polynomial scaling
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Autonomous feedback

Information lost \%,
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Autonomous feedback

© Correlate buffer photon losses with parity-swaps on memory

Ao _

i —i|{Hap + Hz, p] + kapD|ab]p
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Autonomous feedback

© Correlate buffer photon losses with parity-swaps on memory

Ao _

i —i|{Hap + Hz, p] + kapD|ab]p

| Pauli Z | CNOT

Phase Error
[
-
&
1

mm With Kp

1/g> 10/ 9> 1/g2 10/ g2
Gate Time Gate Time



© Correlate buffer photon losses with parity-swaps on memory

dp _
dt

© x50 gate fidelity improvement (limited by second-order effects), independent of |a/?

Autonomous feedback

—i|Hag + Hyz, p| + kapDl]ab]p

Phase Error

1071

Pauli Z

mm with K
mm with K 4p

1/92 10/92
Gate Time

CNOT
1/92 10/92
Gate Time

22



© Correlate buffer photon losses with parity-swaps on memory

dp _
dt

© x50 gate fidelity improvement (limited by second-order effects), independent of |a/?

Autonomous feedback

—i|Hag + Hyz, p| + kapDl]ab]p

Phase Error

1071

Pauli Z

mm with K
mm with K 4p

1/92 10/92
Gate Time

CNOT
1/92 10/92
Gate Time

© Generalizable to any CrX gate with no additional experimental overhead

22



© Correlate buffer photon losses with parity-swaps on memory

dp _
dt

© x50 gate fidelity improvement (limited by second-order effects), independent of |a/?

Autonomous feedback

—i|Hag + Hyz, p| + kapDl]ab]p

Phase Error

Pauli Z

mm with K
mm with K 4p

1/92 10/92
Gate Time

CNOT
1/92 10/92
Gate Time

© Generalizable to any CrX gate with no additional experimental overhead

© Autonomous correction of cavity losses with squeezed cats

22



© Correlate buffer photon losses with parity-swaps on memory

dp _
dt

© x50 gate fidelity improvement (limited by second-order effects), independent of |a/?

Autonomous feedback

—i|Hag + Hyz, p| + kapDl]ab]p

Phase Error

Pauli Z

mm with K
mm with K 4p

1/92 10/92
Gate Time

CNOT
1/92 10/92
Gate Time

© Generalizable to any CrX gate with no additional experimental overhead

© Autonomous correction of cavity losses with squeezed cats

© Can tune dissipation in situ
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Summary of gate designs

Gautier et al. (2022)

Hamiltonian H

Dissipator D

Gate Errors

Ref. [30, 37] Standard Zeno

Ref. [50]

Sec.

Sec.

Sec.

Sec

v

VI

VII

. VIII

Combined dissipation
and TPE Hamiltonian

Hap+ Hyz

Hsp+ Hz + Hrpg with
Hrprg = gé(a2 — a2)0'+ + h.c.

Buffer photodetection
with classical feedback

Cat-buffer autonomous
feedback

Hap+ Hyz

Hap+ Hz

Locally flat Hamiltonian

Discrete jump

Hap

H s + HZ,N with
Hzn =6z ,_ocn(a+al)? ™

K,bD[b]

libD[b]

K,bD[b]
(photodetected)
nabD[ab]

Iﬁ‘,bD[b]

Iﬁ)bD[b] + Iﬁ?zD[O,90'+]

2
) T Kb

16|a|*T 4g5
_ 1 p©
1+ (2g5/k2)* "7

0
Py

Pz

pz 2 (1—n)pY

(detection efficiency 7)

Pz = HP(ZO)

with p 2 0.02

pz = v]a| 2N p{
with v ~ 1

pz = exp(—kz|a|’T)
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Work on cat qubits

© RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

© D.Ruiz RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)

© RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

© U.Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

Work on optimal control of open quantum systems

© RG,E. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

© P.Guilmin, RG, A. Bocquet, E. Genois, dynamigs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation
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Quantum Optimal Control

QOC Finding an optimal set of
parameters for a given operation

Quantum

e Gradient-free system

e DRAG Pulses Cos_t

function
e Chopped Random Basis (CRAB)
3
e Nelder-Mead
\y
e STIRAP 'l' F

* Reinforcement Learning

e Gradient-based

e Krotov

e GRAPE
e Automatic Differentiation



Optimal Control with Automatic Differentiation

Objective Minimize a cost function
C'=C(0,pto), ..., p(tn))

e Master Equation
Forward Pass

Solve Master Eq.

dp .
— Lp = —i[H, p| + D|Li|p
dt p=—ilH, p) Ek: Llp & Store graph
e Gradients : / C
dC 80 oC dp(t sy
Z ptk) Update Pulse function
do; Op(ty) db; Backward Pass
Chain rule through
stored graph

o Store graph of operations

o« Backward through graph
using chain rule

Transmon N; ~ 10*
x Memory overhead in O(N; x N?) eadout > NtN 1000 = ~ 1,16 TB



Adjoint State Quantum Optimal Control

Objective Minimize a cost function
C'=C(0,pto), ..., p(tn))

e Master Equation

dp .
df Lp=—ilH,pl+ Y D[Li]p
k

e Adjoint state ¢(t) = dC/dp(t)

W _ _pth= A i
i L'¢p=—i|H ZD

e Gradients

dc _9C [t
o~ 96 J,

9 Tr [qBT ()L (t,6) ﬁ(t)] dt

Pontryagin (1961), Chen et al., NeurIPS (2018)

¢

Update Pulse

| dC/de,

Forward Pass

Solve Master Eaq.

Backward Pass

Solve Master &
Adjoint Egs.

Cost
function



Adjoint State Quantum Optimal Control




Adjoint State Quantum Optimal Control

Objective Minimize a cost function
C'=C(0,pto), ..., p(tn))

e Gradient descent
e Adam Forward Pass

Solve Master Ea.

e Stochastic Gradient Descent

» L-FBGS : l dC/db,

e Space-time costs
Update Pulse

e Memory cost O(Ng, x N*) Backward Pass

e Time cost O(4Tur) SOAI\él?oli\rijEth&

e Can trade memory for
numerical stability

Demonstration on
transmon readout & reset

Cost
function



Transmon-resonator-filter model

H = 4Ech? — Ejcos(py) +wpa'a +wefl f + igng(a" —a) + J(ffa+alf)

E;/2m =16 GHz
E./2m = 315 MHz
E;/E. ~ 51
wt/2m = 6 GHz
wr/2m = 7.2 GHz
wp/2m = 7.21 GHz
g/2m = 150 MHz
J/2m = 30 MHz
Kp/2m = 30 MHz
kq/2m = 8 KHz

Nerit = 16

Readout Drive Purcell filter Qf(t)jwr + Qf(t)*f

fOgl reset Drive transmon f0-gl and e-f transitions Qfog1(t)flt =+ Qef (t)ﬁt



Optimizing readout

(a) P4, 1 ] 2
Objective Maximize SNR in shortest time | z
-0.5-
e Cost function -1.04
T P(x) 4
SNR — 2/4377/ ‘Be o ﬁg‘th 0.47 Vacuum
0 0.2' noise
(from Bultink et al., APL 2018)
X)) -1 1 2
e Parameters (from Blais et al., RMP 2020)

e Pulses (1ns bins, continuous filter)

Counts

 Drive frequencies

Ow il |

e Other costs

e Resonator population < Ncrit

Int. Unit 2 (arb. units)
L

* Forbidden resonator states

°* Maximum pulse amplitudes 3 -2 -1 0 1 2 3 4 50 103
Int. Unit 1 (arb. units) Counts

(from Swiadek et al., in prep.)



Optimizing readout - Preliminary results

¢ Signal-to-Noise Ratio
10 . .
ad
< o} : o 8 SNR—\/QW/T Be — Bg|?dt
C 0
O
T 10-1 O . o _II:_Iat t Ass?nment error
+ wo-ste
= o ° o Opt " 2o = 5 (Plelg) + P(gle)
c 107°F & ¢ o ¢ Opt (e-f drive) 1
- ® ~ 5 (1 — erf(SNR/Z) —+ T/Tl)
D103 @ g0 e
N
0
< 20 40 60 30 100
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Optimizing readout - Flat readout

Drive at Ncrit

100 | /

Pulses (MHz)
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Optimizing readout - Preliminary results

L (o [ e e e

Pulses amplitude (MHz)
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Optimizing readout - Preliminary results

¢ Signal-to-Noise Ratio
10 ®
= ot o o : Joor [
SNR = /2 / . — B,|2dt
C 0
O
E 10_1 S . o _II'_Iat t Assignment error
+J WO-Ste 1
= o ° o Opt " 2o = 5 (Plelg) + P(gle)
c 107°F & ¢ o ¢ Opt (e-f drive) 1
- o R B ~ 5 (1 — erf(SNR/2) + 7/T})
@) _ LY WS e S
.(7) 10 3 ‘ » 4——-
U
< 20 40 00 30 100

, _ ~55ns to ~30ns !
Integration time (ns)



A library for efficient differentiable solvers

e Differentiable solvers with PyTorch
* Solve SE, ME and SME

* Gradients with automatic or adjoint differentiation

e Features

* GPU & CPU support

e Supports batching for density matrices & Hamiltonians

* Useful for optimal control, parameter estimation, state tomography...

* Many solvers (Dormand-Prince 5, Rouchon 1&2, Explicit exponentiation,...)

e Open-source @ github.com/dynamigs/dynamiqgs

Co-developed with Pierre Guilmin, Adrien Bocquet & Elie Genois

dynamiqgs



The dynamiqs library

(1) Works as a drop-in replacement to QuTiP (2) Compute gradients in a few lines
1 1mport torch
1 import qutip as qt 2 1mport dynamigs as dq
2 1mport dynamigs as dq ’
3 4 # parameters
L # parameters > N = 32
5 N = 32 6 (delta = torch.tensor(4.0, requires_grad=True))
5 delta = 4.0 / kappa = torch.tensor(0.1)
7 kappa = 0.1 8 alpha = torch.tensor(2.0j, requires_grad=True)
8 alpha = 2.0j 7
9 10 # operators
10 # operators 11 a, adag = dg.destroy(N), dg.create(N)
11 a = qt.destroy(N) 12 H = delta * adag @ a
12 H = delta * a.dag() * a 13 L = sqrt(kappa) * a
13 L = sqrt(kappa) * a 14
14 15 # mesolve arguments
15 # mesolve arguments 16 rho@® = dg.coherent_dm(N, alpha)
16 rhod® = qt.coherent_dm(N, alpha) 17 tsave = torch.linspace(0.0, 1.0, 11)
17 tsave = np.linspace(0.0, 1.0, 11) 18
18 19 # solve ME
19 # solve ME 20 rhos, _ = dg.mesolve(H, L, rho0, tsave)
20 rhos, _ = dgq.mesolve(H, L, rho@, tsave) 2L |
22 | # compute gradient of some loss
EEEEEE———————— 23 | loss = dg.expect(adag @ a, rhos[-1])
24 | loss.backward()
. J




