ooooooooooooooooooooooooooooooooooooooooooo

Qublt alive thanks to the
anomaly

Enrique Rico Ortega
Friday, 13/05/2022

X D . |Kerbasq ue

Max Planck Institute of Quantum Optics, Munich

Gauge Workshop Munich 2022

May 9 — 13, 2022
Max Planck Institute of Quantum Optics



B A fruitful dialogue IKerbasque
(two-way communication)

High-Energy and Quantum Information
Nuclear Physics Science and Technology



K A fruitful dialogue IKerbasque
(two-way communication)

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

High-Energy and Quantum Information
Nuclear Physics Science and Technology

Qubit alive thanks to the anomaly

I.L. Egusquiza,’>* A. Idiguez,?’T E. Rico,>*%* and A. Villarino?:3

! Department of Physics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
2 Department of Mathematics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
% Department of Physical Chemistry, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
*IKERBASQUE, Basque Foundation for Science, Plaza Euskadi 5, 48009 Bilbao, Spain

arXiv:2109.11824vl1



o IKerbasque

EHU Quantum Center Basque Foundation for Science

Simulating lattice gauge theories
within quantum technologies

Quantum simulation of
light-front parton correlators




o IKerbasque

EHU Quantum Center : ;
Universidad  Euskal Herriko Basque Foundation for Science

del Pais Vasco Unibertsitatea

Simulating lattice gauge theories
within quantum technologies

Collaborators: M. Dalmonte, S. Montangero, U.-J. Wiese, P. Zoller...

Eur. Phys. J. D (2020) 74: 165
https://}(/ioi.org/lo.1140/epjd/e2020—100571—8 THE EUROPEAN
PHYSICAL JOURNAL D

Colloquium

Simulating lattice gauge theories within quantum technologies

Mari Carmen Banuls!:2, Rainer Blatt3#, Jacopo Catani®®7, Alessio Celi®:8, Juan Ignacio Cirac!-?,

Marcello Dalmonte?:!Y, Leonardo Fallani®®7, Karl Jansen'!, Maciej Lewenstein®'2:13, Simone Montangero
Christine A. Muschik®, Benni Reznik'®, Enrique Rico'”'® Luca Tagliacozzo'?,
Karel Van Acoleyen??, Frank Verstraete??:?!, Uwe-Jens Wiese??, Matthew Wingate?3,

Jakub Zakrzewski?4?°, and Peter Zoller?

14,15,a
)



o iIkerbasque

EHU Quantum Center ndati ;
Universidad  Euskal Herriko Basque Foundation for Science

del Pais Vasco  Unibertsitatea PHYSICAL REVIEW D 104, 014512 (202 1)

Quantum simulation of light-front parton correlators
M. G. Echevarria®,"” L. L. Egusquiza,2’T E. Rico®,”** and G. Schnell®***

arXiv:2011.01275
Phys. Rev. D 104, 014512 (2021)

Project in progress with: M.G. Echevarria, |.L. Egusquiza, G. Schnell

Quantum simulation of
light-front parton correlators




o iIkerbasque

EHU Quantum Center Basque Foundation for Science
Universidad  Euskal Herriko Sque roundation for >cience
del Pais Vasco Unibertsitatea

Three ingredients to describe Nature



ﬁ’ EHU QC
EHU Quantum Center
u riko
a

Three ingredients to describe Nature

* Quantum matter as the basic building
block

Ikerbasque

ina
iNdal

atoms



EHU Quantum Center

o | Ker ba sque

Three ingredients to describe Nature

* Quantum matter as the basic building atoms
block

 Gauge symmetry as a fundamental
principle and at the origin of every force nucleons



v EHU QC
EHU Quantum Center
ive ska riko
a

ikerbasque

ina
iNdal

Three ingredients to describe Nature

* Quantum matter as the basic building
block

 Gauge symmetry as a fundamental
principle and at the origin of every force

* Renormalisation group as a tool
to study Nature at different scales

atoms

o
nucleons

L
‘@ ‘ quarks
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* Implementing the gauge invariant dynamics

I U color singlet / < : > /

hopping encoding
gauge invariant
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12 GeV UPGRADE add new hall ~ Y l

5 new ,

cryomodules

\

double cryo

upgrade capacity
existing Halls -~

- add arc upgrade magnets
‘ and power supplies

- 2 ]
33
3 X

T

Proton

5 new cryomodules

Proton

(semi-inclusive) highly virtual photons factorization theorems
deep-inelastic lepton resolve inner (partonic)  separate non-calculable
scattering structure from calculable parts
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Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time
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r
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Requirements for the quantum simulation of parton correlators:
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Non-local (space-time) matrix elements require Wilson lines for gauge invariance
We study the quantum simulation of Wilson loops in space and real-time

CdyT "
fp(&) = Z ZLﬂe‘lfp Y(PS| U] (y_)% % yw|(0)| PS)
~.

Requirements for the quantum simulation of parton correlators:

* encode in quantum degrees of freedom both matter and gauge fields

* preparation of a reference state, e.g., vacuum, proton, glue-ball

* simulate gauge-invariant quantities, e.g., minimal gauge-matter coupling
e real-time evolution, since the Wilson line is non-local in time

e carry out measurements after the evolution, i.e., qguantum interferometer
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| light-front parton correlators

Discretisation of space-time
In a Hamiltonian formulation

Digital simulation: (a)
Universal simulator

:Ul—:.:US:
|y (0)) m |y ()

(b) W(z, A)

Decompose dynamics into
sequence of quantum gates

W(z, 2) = We, W, We W, - We W, -

(%) T

Stroboscopic simulation in
an analog simulator

) AN W(z, A)

Note: in the Hamiltonian formulation
the temporal gauge Ao=0 is chosen

W(T, A) = %]e_iTIH%ze_iTZH'"%ke_iTkH“‘%N
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1 _
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we built a spatial Wilson line
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Time-evolution by
a single time step N Wiz, 2)

—iH7

| w(0)) | (7))

L]
Q
[T

W(t,A) = U e " HU e 1Y e,

Decompose dynamics induced by systems’ Hamiltonian into sequence of quantum gates

Digital simulation can simulate any model but requires many gate operations
Stroboscopic simulation in an analog simulator
H=H,+ H,,, Efficient for local interactions
—iH "

e~ H ~ [e"'Hel/Z”Te"ﬂHmag’”Te"’Hel/z”T] Trotter-Suzuki approximation

S. Lloyd, Science (1996)
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Proof of principle: Z> pure gauge model

3 N
operator norm: .
T |7, | b)

Fidelity
1.0
0.8 T
ground state fidelity: 0.6 — [TW Wh,]]
0.4 Kg.s.|WTW, |g.s.)|

(g.s.lWTWnTlg.s.) 0.2 \/\/’\

2 4 6 8 10 12

within a few Trotter steps a fidelity closed to one is achieved
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Quantum anomaly

In quantum physics an anomaly or qguantum anomaly
appears when the symmetry of a classical theory is
not equally represented by the quantum theory.
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Quantum anomaly

In quantum physics an anomaly or qguantum anomaly
appears when the symmetry of a classical theory is
not equally represented by the quantum theory.

Classical group symmetry
of the ring

Rotation

by any angle SO(2)

Reflexion Zz
by an axis
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Any rotation is a symmetry of the quantum Hamiltonian: U, = ¢

About the reflexion symmetry... spect (PI)
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Any rotation is a symmetry of the qguantum Hamiltonian: ﬁa — elha

About the reflexion symmetry...
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Any rotation is a symmetry of the qguantum Hamiltonian: ﬁa — elha

About the reflexion symmetry...
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SO2) ~ U(1)

n, =0 n,=1/2

. n— —n 0 it n—1-n
Up 9. _p p=¢ Up 0— —0

N A A A VoU,Vp=eU_,

UPU(ZUP — U—(X

A . A VPW(XVP — W—a
02)=502)x 2Z, redefining: W, = U
W27z = -1

double cover of O(2)
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Minimal model with potential term that still keeps similar symmetry features

A

2 A
H=E, <ﬁ — ng) — E; cos (29)

About the reflexion symmetry...

n, = 0
o, 0, = e-00)
P= P
g -0
About the (discrete) rotation symmetry: U, = e
ng =0 parameter

commute lA] P(A]ﬂ = [A]ﬂ[A] P multiplication relations

Z,X Z,

group symmetry

ng=1/2
n—-1-—n
00— —0
Z,
ng=1/2
D,

anti-commute
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Minimal model with potential term that still keeps similar symmetry features

A

2 A
H=E, <ﬁ — ng) — E; cos (29)

About the reflexion symmetry...

ng — O ng — 1/2
. n— —n 0 i) n—1-n
Up 9 _ g P~ P 0 —0
About the (discrete) rotation symmetry: lA],Z = " Z,
n,=1/2
ng = 0 parameter &
commute  [J p(A],Z = (A]ﬂlA] P multiplication relations VpU,=—-U,Vp anti-commute
Ly X 2, group symmetry D, l

two-fold
degeneracy
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S S Superconducting qubits

Example: the transmon

- g
— Cj, E;
L SN —
() 5

J. Koch et al., Phys. Rev. A (2007)
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Charging hamiltonian of the SC:
Junction also acts as a capacitor

. (2e)
=20 g 2
2C
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AlOy Al
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S S Superconducting qubits
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AlO, Al

Charging hamiltonian of the SC:
Junction also acts as a capacitor

~ (2e)
=20 g 2
2C

Al AlOx

Josephson tunnelling:

e couple two superconductors via oxide layer
e oxide layer acts as tunnelling barrier
e superconducting gap inhibits electron tunnelling
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W G Superconducting qubits
AlOx Al

Charging hamiltonian of the SC:
Junction also acts as a capacitor

A (26)
H = 4E(j
2C

Al AlOx

Josephson tunnelling:

e couple two superconductors via oxide layer
e oxide layer acts as tunnelling barrier
e superconducting gap inhibits electron tunnelling

Josephson Hamiltonian:

. E,
H;=—— nyn+ 1|+ |n+1)n
y==— 2 Im)n+ 11+ n+1)n]
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S S Superconducting qubits
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AlOy Al

Charging hamiltonian of the SC:
Junction also acts as a capacitor

(2e)° -

2C

Al AlOx

Josephson tunnelling:

e couple two superconductors via oxide layer
e oxide layer acts as tunnelling barrier
e superconducting gap inhibits electron tunnelling

Josephson Hamiltonian:

A

EJ
H;=—— nyn+ 1|+ |n+1)n
J 2§|>< [+ 1n+1)(n]

written in terms of the conjugate variable A .
[«9, n] =]

= —F 7 COS 6 (Fourier transform)
Physically: difference of the SC phases
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Desinged regime:

(Potential dominated)

ikerbasque
Energy parameters

H = 4Eh* — E; cos 0

EJ => EC a)=\/8ECE]
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W SR Energy parameters
Lt s Cl H = 4E#* — E;cos 0
T

—
Designed regime: .
(Potential dominated) EJ >> EC w = \/SECE]
(a) i ¢ (c) ¢
O l @
+ L |
L, C,.——v J C.——
§ - G I anharmonicity
- - - - non-linear inductance
(b) (d)
5 \ ] 5
s Transmon
L\ 2
§ 3 \ + é_ 3
Py : 12) > 2)
5 2 \hwr i / 22| o\ hws!
T ¥ 1) S |o® ? 1)
: E /o) ' §§{ & /o)

-Tr -Tr/2 0 /2 (s - -T1/2 0 /2 /8
Superconducting phase,¢ Superconducting phase,¢ P Krantz et al. App. Phys. Rev. (2019)



ﬁ’ EHU QC

EHU Quantum Center
Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

Other (control) parameters

7o\

g

Transmon: insensitive to charge noise

J. Koch et al., Phys. Rev. A (2007)

2

H=4E.(Ai—-n,) —E,;cosf

8

— (@Gate charge

(a) Es/Ec = 1.0
[ | H | |

iIkerbasque

Basque Foundation for Science

-2 1 0 1

I ~ \/SEJEC’ &
1 ]1 1 (l) 1 f] 1 2
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0-7 qubit

A. Di Paolo, et al. New J. Phys. (2019)
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A A 2 A A
Hy-, = 4Ec Q5 + E ¢° + 4E. <ﬁ9 — ng) — 2E, cos 0 cos (qb we’“)

Protected from both charge noise and flux noise

A. Di Paolo, et al. New J. Phys. (2019)
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() (c) 1-
SeE AT

150_ 3= T
g > \\ /Né

Cs hunt

I e~

—T —7;/2 0 7r|/2 /s
'z

2=

N\
\\/

y N

]\

-

|
—7/2 0 /2 s 37 /2

W.C. Smith, et al. Quant. Info. (2020)
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(a) (¢) 1-
A\_//\\/A\//\\//_%
N\ _—Z : / /

Cs hunt

| |
—m —7/2 0 /2 /s

P quasi-degeneracy

Noa =l a /[
aoal ool

[ ——

_q/2 0 w2 m 3m/2
2

W.C. Smith, et al. Quant. Info. (2020)
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Hy. = 4ECJQ€2,) +E ¢* + 4Ec (ﬁe - ng> — 2E; cos 0 cos <gb - 60;“)
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harmonic oscillator diagonal interaction
— — , —
- A . A ~Q
Hy. = 4ECJQ€2,) +E ¢* + 4Ec (”e — ng> — 2E; cos 0 cos <gb — ;Xt>

-@, ﬁ9] =1 0 e (—x,+ r] spect (ﬁ) e/

'qg,Q(p]:i $ER 0,€R
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harmonic oscillator diagonal interaction
— — , —
Hy. = 4ECJQ€2,) + Engz +4E¢ (ﬁe — ng> — 2E; cos 0 cos <g$ — 60;“)

@, ﬁgl =1 0 e (—x,+ r] spect (ﬁ) e/

'gg,Q(p]:,- $ER 0,€R

1 |
high symmetry point
ne=12, ¢y =7
‘A/ ~id gy ng— 1—-ny
p=¢€ P - —0
0—->0+nrn
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harmonic oscillator diagonal interaction
— — , —
Hy. = 4ECJQ€2,) + Engz +4E¢ (ﬁe — ng> — 2E; cos 0 cos <g$ — 60;“)

@, ﬁ9] =1 0 e (—x,+ r] spect (ﬁ) e/

'qg,Q(p]:i $ER 0,€R

1 B
high symmetry point Spectrum in units of E; = E. = E,
N J
. _ 101 e
ne=12, ¢y =7 O_
R A A ng— 1—-ny ] — the whole spectrum is
Vp = e U P é two-fold degenerate
00— —06 56{ — independent of any
Lﬁ energy scales
o 0—->0+nr 4
— Nyt
Un =" P¢ ¢ — — ¢
2- ----------------------------------------
0.2 0.8
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A

A A 2 "
Hy. = 4ECJQ?/) + E;¢° + 4E, (ﬁe = ng) — 2E, cos 6 cos <q§ — qﬁ;’“)

Sensitivity to charge and flux noise exponentially decreased in the regimen:

2 2
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A

A VoY 2 A
Hy-, = 4Ec O3 + E¢° + 4E¢ (ﬁe — ng> — 2E,; cos 0 cos <q§ — qp;“)

Sensitivity to charge and flux noise exponentially decreased in the regimen:

2 2

Potential dominance for @
E; > ECS

Transmon regime

Protection against charge noise
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A

A VoY 2 A
Hy-, = 4Ec O3 + E¢° + 4E¢ (ﬁe — ng> — 2E,; cos 0 cos <q§ — qp;“)

Sensitivity to charge and flux noise exponentially decreased in the regimen:

2 2

Kinetic dominance Potential dominance for @
E,>F
High delocalisation of ¢, no effect of Pext Transmon regime
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Sensitivity to charge and flux noise exponentially decreased in the regimen:
E: > E-E; > E;> E. E,
J J J s

Spectrum in units of E£; = E; = Ec, = E; Spectrum in units of £, = E; = E = E,

) 4. >< b) 4.
_ -
9 >
o) 2
C (D)
: g
2 /\ 2.- /\
o4 05 06 o8 36
n qoext
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Sensitivity to charge and flux noise exponentially decreased in the regimen:
E: > E-E; > E;> E. E,
J J J s

Spectrum in units of E£; = E; = Ec, = E; Spectrum in units of £, = E; = E = E,

a) 4.
) >—< ) 4.1
. |
) >
o) 2
(- (D)
LL] -
LL] -
o4 05 06 o8 36
I’lg qoext
Spectrum in units of £ Spectrum in units of E,
J J
C) 0.7 d) :
0.6
> 1 > |
(@) (@)
| - | -
()} ()]
(- C
L] L]
0.3 0.3
04 05 06 28 | 36
n (pext
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There exist anomalous symmetries:
degeneracies independent of energy parameters

The degeneracies in the protected regime of the () =7 quit
are a remnant of the anomalous symmetry

PHYSICAL REVIEW B 105, L201104 (2022)

Role of anomalous symmetry in (-7 qubits

I. L. Egusquiza®,%" A. Ifiguez®,>" E. Rico®,>*>-* and A. Villarino*-®
' Department of Physics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
2EHU Quantum Center, University of the Basque Country, UPV/EHU, Barrio Sarriena s/n, 48940 Leioa, Biscay, Spain
3Department of Mathematics, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
*Department of Physical Chemistry, University of the Basque Country UPV/EHU, Apartado 644, 48080 Bilbao, Spain
SIKERBASQUE, Basque Foundation for Science, Plaza Euskadi 5, 48009 Bilbao, Spain
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