A lattice field theory of quantum circuits

Neill Christian Warrington
MIT Center for Theoretical Physics

1K, 2
aP NIST . Q)2 C°QA
Josh Lin (CTP) ) [To | Guancs Advantae
Stephen Sorokanich (NIST)

May Hays (EQuS)

Julian Bender (CTP) *Quantum Information Science on the Intersections of Nuclear and AMO Physics”
Phiala Shanahan (CTP) January 15th 2025



An analogy:
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https://www.bnl.gov/newsroom/news.php?a=25112

An analogy:

Rajabzadeh et. al. Quantum 7, 1118 (2023).






Lattice field theory:

(1T 1. Restrict spacetime to a lattice
S _ with spacing a..
e [ 2. Write everything as path integrals.

_ [ DADge 59 O(4, q)
[ DADge—5(A9)

= (O)exact + O(a")

0)

Credit: Phiala Shanahan



Monte Carlo:

-log(probability density)

- [ DADge °“9 O(A,q)

= / DADq p(A,q) O(4A,q) v i e
where: Stochastic estimate:

e_S(Aaq) 1 N
p(A7 Q) — f DADC] B_S(A’q) N ZO(Aiaq'i) — <O> + O(N—l/z)
1=1




Superconducting quantum circuits:

|. Tsioutsios, K. Serniak et. al. AIP Advances 10, 065120 (2020)




Superconducting quantum circuits:

|. Tsioutsios, K. Serniak et. al. AIP Advances 10, 065120 (2020)

0 cU(1)

V = Ejcosb

H = 4Ecn* — E jcos(0)

where |0, n| =1



Superconducting quantum circuits:

|. Tsioutsios, K. Serniak et. al. AIP Advances 10, 065120 (2020)
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Superconducting quantum circuits:

Qubits Quantum computers Quantum Simulators

, EE 1 xx ’ /l‘; ’ N" /
cresg | 2 4 7=/
i / -

,ﬂ‘}___ /¢ : 7 /
% p”q 4 .J{ Gl

. > |
T S Y- -- . : c :

Ll ) it =N A
y 1 | . 1mm :[

Gambetta et. al.
npj Quantum Information (2017) Rosen et. al. Nature Physics 20 (2024)

Somoroff et. al. PRL 130, 267001 (2023)



Superconducting quantum circuits:

Quantum sensors Quantum amplifiers

(@) Josephson parametric amplifier (JPA)

T T\NT ]

T Resonator SQUID

(a) Josephson traveling wave parametric amplifier (JTWPA)
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Najera-Santos et. al. Phys. Rev. X 14, 011007 (2024) Krantz et. al. Applied Physics Reviews 6, 021318 (2019)



Circuit quantization:

(Devoret, Les Houches 1995)

position coordinate: 6.,

momentum coordinate: 7l

quantum condition: [0, n,| = 04,

62

. ] = 2
capacitor: AE Yolk

JJ: AE ~ —FE jcos6

. 1
inductor: AE ~ §EL6’2

Hamiltonian: H = (2e)*n’ C~'n 4+ U(0)



Quantum circuits:

<O> B tr(e—ﬁHO) B fDé) 6—3(9)0(9)
B tr(e—ﬁH) B fD(g e—5(0)
— <O>exact - O(At) , ,8_1 = kT’
At = /N

_ LYARS (et—l—l,a: — ‘9t,:c) (9t+1,y — Ht,y) | T
where (S = At 5 (2—6) Z;t A7 Czy | zt: U(Ht)_




Correlator method:

- [ D8 e 0O(t)O(0)
N [ D6 e—%

Correlators: (O(t)O(0))

1.Makeitcold:  lim (O(t)O(0)) — (0|O(t)O(0)[0)

B—00

2.Fit: (0j0()0(0)[0) = Y e~ En=E) [(m|0|0)[F — e~ 2F " |(m*|0]0)

m
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Example:

25

2
H = Z (4]5?(;'?7,?C — EJCOSHx) — ESCOS(Gl + 02 — QOext)

Action

(O()O(0)) — e_AE*t|<m*\O|O>\2 MC step -

exact | lattice 10 :

i Antisymmetric, P = —1

E1 — Eo[3.001] 3.0(1) .
E> — E0[3.946 3.9(1) S
Es — Eq[5.715] 6.0(2) AE | -

¢ (1]010) |0.445|0.46(3) 8 :

Symmetric, P = —1




PDE Solver Lattice



Fluxonium:

| T2[anham

fluxonium | ~1.0 ms| >100%
transmon [ ~01ms| 5%

Somoroff et al PRL 130, 267001 (2023), [arxiv:2106.11352]

anharmonicity:
Oliver et. al. PRX 031035, Schoelkopf PRA 76 (2007)

Somoroff et. al. PRL 130, 267001 (2023)

npj Quantum Information
volume
10, Article number: 78 (2024)

Recent progress in transoms here:

Somoroff et. al. [arxiv:2303.01481] (2023)


https://www.nature.com/npjqi

Fluxonium:

H = (2¢e)” Z(nx — Ngz)Cqy (Ny — ngy) — EY Z cost, — Ef}cos(z 0z — Pext)

TCch beEg ch

g 4 g
Tunable parameters:
0o
N7 Ca,C'b,Cg,CS,Ef},ES (I)ext
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dorication. a a a a
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Application:

+  ‘small’

1
{4Ecn2 | zELgaz — E jcos(p — goext)} + AH
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Typical fabrication:

‘t\w [l" &""i}
T fwpl = /8E&ES z = w—l\/zEg/Eg N

hwpr [h GHz]| 2z | N |source
Fluxonium A 818 006 40 Manucharyan et. al. Science 326, 113-116 (2009)

20 Fluxonium B 13.4 0.09 | 43 |Manucharyan et al. Phys. Rev. B 85, 024521 (2012)

[ Fluxonium C 17.4 0.07 | 43 Manucharyan et. al. Phys. Rev. B 85, 024521 (2012)
Fluxonium D N/A N/A 1()2 | Ding et. al. Phys. Rev. X 13, 031035 (2023)

Fluxonium E N / A N / A | 102 |Ping et al. Phys. Rev. X 13, 031085 (2023)

(00



1. What are “safe” directions
In parameter space?

2. What is out there?



Coherence:

Charge noise in array
can limit coherence

Iy = reharse  pilux

F(,a _ Iwccpharge,lst + Fgux,lst + ..

dwo1
= 1/T
X dng / ¥

Pechenezhskiy et. al. Nature 585, 368 (2020)
H = (2¢)? Z(nCC — 'ng:,,.)C'gc_y1 (ny —ngy) — ES Z cos, — Ef’,cos(z 0y — Vext)
Ty i

T



Coherence:

Outstanding questions:

[y = gharse g pilux
[, =Toaseist ppowelst 1. Dependenceonz = 7™/, [2E-TES ?

|

dwo1
= 1/T,
X dng / ¥

2. Dependence on Cg ?




Coherence:

Outstanding questions:

[y = gharse g pilux
[, =Toaseist ppowelst 1. Dependence on 7 = 71'_1‘ [2E-TES ?

|

dwm
= 1/T,
X dng / 2

2. Dependence on Cg ?




Dependence on z:

N =43 device Tensor network simulations @ N=40
N -- Eq. (6) (Single mode)
1117 o E—; A Eq.(6) (DMRG) ,_se7"
lﬂ|lﬂ"lill'l E— .E, Full DMR(E: A’a,.r e
== d ,
E .
3
\ ﬂ — typical falpy  smemmm—snme
0.4 0506 0.70809101.1121.314 1.5
Z = ZJ/RQ x10~1

Manucharyan et. al. Phys. Rev. B 85, 024521 (2012)

di Paolo et. al. npj Quantum Information volume 7, 11 (2021)

hwp = 13.4 h GHz

— 009 Parameters: CJb=7.5 {F, EJb =8.9 h GHz, w_p/2t=12.5 h GHz,and Cg =0
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Lattice simulation:

rrraiiiiiiioaiiiiog Small junction:
..................... dt = 0.0125 ns Cb — 75 fF, E;? — 89 h GHzZz

Array:
N=40
z=0.14, hw,; = 12.5 h GHz

C,=0fF

Sims:
24 hours

1 node with 8 a100 GPUs
3.7 million measurements (that’s a lot)
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Lattice simulation:

riiiiiiiiiiiiiiiioa Small junction:
rraiiiiiiiiiiiiiio C,=7.5F, E! = 8.9 h GHz

z=0.10 2z=0.11 Array:

5 0.75 q N=40

= 0.50 z=0.14, hw., = 12.5 h GHz
2 0.25 Pl

= C,=0fF

3 8

0.45 0.50 0.45 0.50 0.45 0.50 0.45 0.50\ 0.45 0.50

(I)ext/(DO (I)ext/(I)O (I)ext/(b() (I)ext/(I)O Xt/ 0 SimS:
di Paolo et. al. npj Quantum Information volume 7, 11 (2021) 24 hOU rs

N l/yy; ~2ns .
\ 1 node with 8 a100 GPUs
3.7 million measurements (that’s a lot)




Gate Charge

Lattice Simul ation: o Continuum Limit of Qubit Frequencies -

tensor network
ng=>0
0.60 - ; L 0.05
ooooooooooooooooooooo ~ 0.55 -
c e o e e s e e s e e e s e e s e T 3 0.10
c e s s e e e e e e e e e e e e e s < 0501 * -
..................... dr = 0.0125 ns % x -~ 015
I/ 30451 ¥
I -
0.40 - ng = 0.25 - - 0.20
0.35 | | | | ::: 0_25
0.000 0.005 0.010 0.015 0.020
Lattice Spacing [ns]
0 dt

- C(0) = (O(t)0(0)) ~ e~ E=E (1| 0]0) |

. /5, ~2ns -“Interpolating operator” O = Z sinf_

X

- f(AL) = a + DAt + cAt*

- Total error budget is 3%



Qubit Frequency vs. Gate Charge
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Gate charge & the ¢ angle:

Gate charges produce a topological term:

1

o) 2 .
S(nq) — S(O) — Z/ dt (2_6) DTO — 27"'i'n/g—‘]Vinstanton, Ninstanton .= O(t — ﬁ) — 9(t
0

Theta angle produces a topological term:

2 ~
5(9) — S(O) g /d4$ ter,F“’V — ithOp lzubuchi et. al PoS Lattice [0802.1470] (2008)

—° 3272

(Note both are imaginary)
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Qubit Frequency vs. Gate Charge

Gate charge & the ¢ angle:
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Fluxonium

ZFour(O)

Imachi Prog.Theor.Phys. 115 (2006) 931-949
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Lattice QCD with 8 term



Gate charge & the ¢ angle:

Gao et. al. Phys. Rev. D 109, 074509

1000 - The distribution of the topological charge
0.1757 m Ng,,, =600
800 - 0.150 -
0.125 -
600 - -
= = 0.100-
S =
o
400 1 & 0.075
0.050
200 -
J l 0.025 -
0 f T T T T L 0.000 l T . ‘1 l
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0 —4 -, 0 y. 4
Global winding number Q

Fluxonium Lattice QCD with 8 term



L,C, L,C, L,C,

Masluk et. al. Phys. Rev. Lett. 109, 137002 (2012) “ © smmmmm
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X N
$ (P =-1) State
$ (P = +1) Plasmon State
I = — Ground state
L U_Xi)rl _____________ {  Fluxon

Energies from GEVP (GHz)

Energies from GEVP (GHz)

0.5 1.0 1.5 2.0 2.5 3.0 3.9 4.0
Euclidean Time Separation (ns)
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Euclidean Time Separation (ns)




——
T

1000 1200 1400 1600

»



Thank you



Backup slides
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Effective Energies

Gate charge & the ¢ angle:

Fluxon energy in an N = 2 system as gate charge is varied : , :
30T = ' . . 1 TR, | | Fourier X
"I‘i ¢
S AT D g gy |
2.5-},‘E IIIII T 0.1 ¢ x)(
’ X
?t R s = ® E ¢ ' X
20 $ $ - =~  0.01¢
*y T > - - X
? ® ¢ TTI o g .
1.5 - L ' X
i I $ o0 T N 0.001 } .
1 ] | |+ : X
— e Smm— R —
1.0‘ L ‘ ‘ , . i *
® 00 | ¢ x
' 0.0001 |
0.125 o L I | —
0571 @ o025 - " {
® 0375 1 4, 'S ' |
® 05 Tt s 1e-05 : | ' ' | 1
0.0 . . . . . S = ——— 0 0.5 1 1.5 2 2.5 3
0.0 2.5 5.0 7.5 100 125 150 17.5  20.0
Euclidean Time Separation 0

Fluxonium Lattice QCD with 8 term



Continuum limit:

9.9

3.5

Continuum extrapolation

| I I B | | T 1 1 1 | | | I | L L l | I I B |

> O

3

3

sSC

HPH
HEA
HH

ALPHA Collaboration,
JHEP 0212, 007 (2002)

| | | | | | | | | | | | | | |

L1 1 1 I | I N — | | I I | I I L1 1 1

-

0.01 0.02 0.03

(a/1,)?



Two-tone spectroscopy:

Oliver group data

10
9 - ==
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EJ ~ 9.1 GHz
7 - e e E; ~ 1.7 GHz
e E;, ~ 0.34 GHz
/ /
6 - 7 /_/ ==== from |g)
//'// -==: from |e)
ST —-==bosonic mode
T T =
1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5




One variable model:

H = (2¢)*n' C 'n+U(0)

= H(p) +dH(p,§)

where
0? 1

H(yp) =—4Ec | QELSOZ

0p?
— EJCOS(SO - Spext)




An analogy:

Continuum extrapolation
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(a/1y)?

ALPHA Collaboration, JHEP 0212, 007 (2002)
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0.10 0.15
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Warrington et. al. PRL 126, 132701 (2021)
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