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// What should we do with available qguantum computers ?

NISQ-friendly
BUT expensive classical-quantum feedback loop

= + vanishing gradients.

1) Variational algorithms?

?
2) QSVT: Can perform arbitrary Hamiltonian transformations

with Heisenberg scaling
BUT large depth overhead + non-local operations.

Incoherent QSVT

+ requires only a simple controlled time-evolution
+ no feedback loop

BUT larger sample overhead.
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3) Fourier moments !
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// Why do we care about Fourier moments ?

We can compute any Hamiltonian transformation incoherently! (Depth <-> Samples)

Example: ground state energy estimation

Spectral measure

C(QB’) = p(m) * @(,’L‘) Heaviside step function

_ /2
C(x) / p(y)F(z —y)dy

—m/2

|k|<D
\ Y J

Fourier moments are computed on the QC with

a Hadamard test.

Lin and Tong PRX Quantum 3, 010318 (2022)
Wan et al. Phys. Rev. Lett. 129, 030503 (2022)
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fully-connected 26 spins Heisenberg model
with random couplings [kiss et al. arXiv:2405.03754 (2024)]
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// Scattering process

Incoming neutrino v, /.’

/ \9
o ——————.A----__-_ ——

Z boson

momentum transfer
described by O (external
Nuclei described by H probing).

in its ground state.

Effective field theory in 1st quantization - Z ( Z e Z e‘i"ﬁ’ ﬂ,n
Two-dimensional Fermi-Hubbard (2x2) Qk Pf Qk f ' L[
- f=t4 f=td

H=45-1-2) X,

|

+1.75 | Y ZiZiZk + Z1Zs + ZoZ3
i<j<k Reciprocal vector
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// Linear response function (~inclusive reaction cross-section)

U é((j’)Té(w — (Ep — Ef))é((j')]lllo) Challenging, since it requires the full
spectrum.

S(ws@ - (
= > [(wolO@11)] 8w — (Bo — Ey)),
f

Instead: expand in a suitable basis of polynomial (plane ®(v,q) = [ dwK (v,w)S(w, q)

waves) At A
= (Yo|O(9)"K (v, (H — Ep))0O(q)|¥o)
X, (v TalO(a) e~ MOtH § 0, . Hamiltonian moments
X||H|| Z g () {¥o] O(9) (9) [¥o) Easy with quantum computers!

\ ) o —\
|

Fourier moments

Roggero, Phys. Rev. A 102, 022409 (2020)
Hartse & Roggero, Eur. Phys. J. A59, 41 (2023)
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// Artificial example
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We obtain the resonance
frequency of the physical system.
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The integral transform is a good
approximation. 0.01

Response function strength
o
=
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Hartse & Roggero, Eur. Phys. J. A 59, 41 (2023)
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// Why error mitigation?

We have quantum computers, and many applications, but can not implement them!

1. Noise prevents any chance of quantum advantage.
2. Waiting on quantum error correction could take a long time.

3. Instead, try to make the best out of the machines we have today and build a bridge
towards fault tolerance.

This talk: look for synergies in quantum error mitigation protocols.
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// Purified echo verification: two ingredients

Verification: Purification of the anulla
p=Ay)wl+(1- Zpklw (wal.
Unprepare the state and verify! k=2

main component

OE Up etHot UT go | Noisy components

5 l (X + 1Y)
Without noise: the ancilla is pure after post-
Verification passed m)e contributes +/- 1 to .
the expectation value. selection
Otherwise  mmgarbage With noise: It is not. Extract the closest pure state

from measurements.
O’Brien, et al., PRX Quantum 2, 020317 (2021)
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Phys. Rev. A 105, 022427 (2022)
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Depolarising noise channel

// PEV is resilient to noise models |
10° —@ PEV
s | @ ODR
1. We can show that PEV diminishes the error from a @07 SO QISS DammEr
depolarising channel by a factor of 2". E
< 1072
2. O’Brien showed numerical evidence against 107 | ] | | |
107 107 103 102 1071

damping and dephasing channels. Depolarising noise factor p

Scaled realistic IBMQ noise channel

3. Here: depolarising and scaled “realistic” noise O ODR (10 twirls)
channel.
I
S
4. Cross the sampling noise threshold 100 times p
=
faster. S 10-2
<
10734
O’Brien et al. PRX Quantum 2, 020317 (2021) — - — = '
Kiss et al, arXiv: 2401.13048 (2024) 107 1%:? 107 107 10°
oise scaling factor p
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// Results on superconducting quantum hardware

O,‘=Oj=Zl O,‘=Oj=Z3 O=274, Oj=Z3 O,'=Oj=Zl+Z3
~ _ Single Trotter step

PEV effectively mitigates
the noise on a real
guantum computer.

R(O|1ZU(rT)Z)| )

0.1 1

3((D|Z,-U(rT)Zj|(D)

0.0 @e®
0.5 1.0 05 1.0 0.5 1.0 0.5 1.0
timet=jt timet=jt timet=jt timet=jt1
------ ground truth —— noise free @ raw Q EV ® PEV
\ ;
Y

Difference comes from Trotter error Kiss et al, arXiv: 2401.13048 (2024)
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# CNOT gates

. 56 90 126 160 196 230 266 300 Purity of the ancilla
// Multiple Trotter steps L0
# CNOT gates
’e"' 5.6 9.0 1?6 1fISO 19.6 2?0 2EI56 3(.)0
[g 0-801 -—- fully mixed state
Trotter decomposition = T 075 ~#- andilla purity
N =
e o 0.70
Ui(t) = [[e ™ =u(t) + 0@?), S 065
v %' 0.60 A
Ee)
E 0.55 A
Decrease the error by breaking the 0.50 -
unitary into smaller steps. 8 0125 0625 LA 1625
= time t=j1
N
£ :
< Purity =1/2
- N
t\" 27 +1 )
Uj| =) =UR)+O | — = ‘
T ) Fully mixed state

T2 5 45 6 7 3 ¥

# Trotter step r
P Method breaks
ground truth Q EV
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// Conclusions

* Fourier moments are promising candidates for quantum utility on

near-term quantum computers. E ]
e T )

.|.!!-E

L

* They are versatile (arbitrary Hamiltonian transformation), and
efficient to compute on quantum computers.

9
L | ']'
e Purified echo verification is a powerful technique to estimate Fourier E kg

moments.
arXiv: 2401.13048

// Thank you for your attention!
Questions ?

oriel.kiss@cern.ch
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Urbanek et al, Phys. Rev. Lett. 127, 270502 (2021)

// Noise renormalization

Assume depolarising channel: Tr{oN(p)} = (1 — p) Tr{op},

If we can estimate p, 1 = ((_)|BO;L((j'r)H(—j'r)O;rBT|(_]),

(U (257)[)

we can renormalize. (WU(25T)|Yr)opRr = WUGU(—G 7))

But it only works with depolarising channels ?I  Yes, but you can use Pauli twirling to make the
noise look more depolarising!
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// Multiple Trotter steps

# CNOT gates # CNOT gates
56 90 126 160 196 230 266 300 54 90 126 162 198 234 270 306
1.0 L L L L [ 1 1 [ 100_: (l)o | 1 | 1 | 1 |
: y = e~0-88r-0.3
S d ODR
% 'S 1071+ oo
N T o
t ' o
S 2 ]
N S o
o~ S 173 5o
g 8.
10_3': l
-1.0 T r - T 0.125 0.625 1.125 1.625
05 10 15 20 time t:j'['

L _ time t=jt1
Less stable than PEV,

but easier to implement
and can estimate multiple observables at the same time
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Teplitskiy, Kiss et al. arXiv:2410.06250

// Kibble-Zurek Mechanism

N—
: : — N 1
Transverse Field Ising H(t) = —J(t) Z X;Xit1— h(t) ZZ*' Defect-density n= 3 E (1-XiXiy1).
model — ; 2N P
]' 1-c}i—i;v
Schedules J(t) = Jot/7q and h(t) = (1 — t/mq)ho. KZM nn~ /\(ﬂ ;
number of Trotter steps r number of Trotter steps r
1 2 3 4 5 6 8 101214 16 18 20 1 2 3 4 5 B 8 1012 14 16 18 20
We cross the QPT at 7, /2. 0.3 N
0.4 by .’
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0.3 o 1077 1
- -0.63
5 g -~ KT
- -
x 0.2 - -
= p renormalization
: G = factor
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2 ©  noise free o
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// Control Reversal Gates
Or how to avoid the control operation?

R anti commutes with H: {H,R} =0
Use R to toggle the flow of time

H
Rexp{—iHt}R' = Z it

Z (ztf) RR'" = exp{itH},

Hadamard test with control reversal gates

— H = o— H —.A|=
a T T

V) —F— R U(t/2)
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What if we can not find such a
R?

H=H,+ H,
U(t) = Ur(t)U2(L)
o {8} T mELE

|W) —— Ry HUh(§7/2) H RI H R2 HU=(57/2) H R} —

Always cheaper than
direct implementation!
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// How do you do it in practice?
-> Lots of manual optimization

1 7 a/2 /2 A
YAV
2 144 2
4 Y —Haf 247074 2.7, o/ Y
VAVAYA Z1ZoZ3
3 VA Of/2 ZZZ3Z4 Of/2 YA
2 —Z—af2 X XHHa/2+HZ
“— 4 | | :

N —
||
|
Il
=
D—e

YAV ﬁ
Z1Z9Zy /L /L
3 — Z1Z3Z4 - 3 an ,8

e A=
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// Purified Echo Verification (more details)

Hadamard test (quantum phase estimation)

0) 1H 1 :

0) 4 BHOxHU(GT)HO! H Bt -

Initial state

1. We measure the 3 single-qubit Pauli
expectation (X,Y and Z) values of the ancilla.

2. Construct the closest compatible pure
state (purification + tomography).
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Sl

=) = 12 (10) ® |0)+]9) ® 1)),

S

|4) = al0) + B]0+).

We only care about &, so we can
disregard any orthogonal states!

(Ya)o

Re{a} = T4 (Za)o

Im{a} =

—

1+ (Z,)o’

O. Kiss - QTI
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// What can we improve?
Turn coherent errors to incoherent ones!

Dynamical Decoupling Randomized Compiling

Decrease decoherence by taking advantage Turn a noisy operator into a Pauli channel,

of rapid, time-dependent control via gate conjugation.

modulation when the qubits are idling. — 1

| | weW
% _ Pauli-twirling_______
a go |1 1 1 1 op 0p 0p 0 0y 0y 0Oy Ty T 0 0; 0
| _— plgoaeloanclannloags

a2 a; 1 o, c.r: cr: cr: 1 ur!: {J‘: -:r: T e:r: u'; i r:r: oy O
@ D Noise ampl.

5 PR 018 1377 1556 2295 {a} Panli-twirling and noise amplification. {h} Valid combinations for Pauli-twirling of the CX gate.

System cycle time (dt)

Which pulse sequences should we use? (XY8)
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Fuchs, et al., Eur. Phys. J. Plus 135, 353 (2020)
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