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Infro: Ground state preparation via QETU

e Many quantum algorithms for preparing the ground state of a
Hamiltonian (e.g. VQE, QPE, Adiabatic evolution)
o Each with existing tradeoffs

e Quantum Eigenvalue Transformation (QETU) offers a framework
with low query complexity and a singular ancilla
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QETU Advantage across the rest of the field

TABLEII. A comparison of the performance of quantum algorithms for ground-state preparation in terms of the query complexity,
the query depth, the number of ancilla qubits, and the level of multiqubit control (abbreviated as “MQC” in the table) operations
needed. y is the overlap between the initial guess |¢o) and the ground state, A is a lower bound of the spectral gap, and 1 — € is the
target fidelity. “HE” denotes the Hamiltonian-evolution model (assuming no ancilla qubits) and “BE” the block-encoding model. Here,
we assume that an upper bound of the ground-state energy is known (i in Theorem 6). The algorithm in Ref. [37] (GTC19 in the table)
requires precise knowledge of the ground-state energy. We assume that Ref. [1] uses m ancilla qubits and that the high-level MQC
operation is due to the block encoding of H.

Query Query Number of Need Input

depth complexity ancilla qubits MQC? model
This work (Theorem 6) ~5(A") @(A“ ) Q) No HE
This work (Theorem 11) O~y (2(.&‘l gy o) Low HE
QPE (high confidence) [41-43] O™ Ay O(polylog(A~'y~te ) High HE
QPE (semiclassical) [44,45] O(A~'y2) QA ™) o) No HE
GTC19 (Theorem 1) [37] Oy Oty O(log(A") + loglog(e~")) High HE
LT20[1] oAy Oy m High BE

Important to note, there now exist other methods that are more efficient than QETU. but QETU is sfill

a necessary algorithm for downstream tasks
Dong, Lin, Tong — PRX Quantum 3, 040305 (2022)
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QETU filters for ground state et ——

e Goal: apply a function F(H) to [y. ) ]
| such that F(E) = 1 and F(E,) = O for » 1
all excited states :

= F(0), d =40 b
T % Eigenvalues ~

F(H) |1/)init> — COF(E()) |¢0> - Z ckF(Ek) I¢k> A Ground state

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00

k>1 0= cos(A/2)

Energy-domain spectral filtering
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e QET-U realizes this as a polynomial i | 3 3 o
F(o) in o=cos(A/2), where A€[0,11] is 1 |
the rescaled energy foey | |
e Sharper filter — better projection Bl
0.0 * '*:'*** ot de dededede *

Rescaled energy A (eigenvalue of Hsp)
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The QETU circuit in detail

The phase angles {¢,~} are computed classically so that the circuit implements the target polynomial F(cos(H/2))

[0) ancilla-JiN

o

|w) system

- phase rotation e?-i@[] X} on ancilla

- controlled eA{—iH} / eA{+iH}

- measure ancillain |+)

On success (ancilla measured in |+)): system register is left in F(cos(H/2)) |w) the designed filter is applied to U — ¢~ Hifim
each eigenstate.

On failure (|-)): a different polynomial was applied; discard and rerun.

Ry (¢;) = e7*%%/




Quantum Signal Processing

e QSP is used to perform polynomial transformation on
matrices

e Foundational framework of many quantum algorithms

e Achieves this by applying a sequence of specific
rotations, parameterized by phase factors

U(.’E, (I)) — (p(x) r(:v) ) — ei¢oZei arccos(x)Xei¢1Zei arccos(z)X ei¢d_1Zei arccos(:r:)iXei¢dZ:

/

|z | f(x)
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QETU as a whole

Classical Preprocessing Quantum

Choose target filter F Prepare |_init)

Stap / ad d Nonze overiap with Jip

Compute phase angles N cuit

Salve for {&y, .., D_d} A p_J ar lled e (i)

restart

|- fail | +) Success

Measurement

Use for downstream observables

System register holds F(cos(H/2))|W_init)
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From ground state to observables
e We now take the prepared ground state and measure on it.
Typical observables are (g, O |y,)
o Energy (O = H), correlation functions, order parameters

e Run QET-U many times — collect successes — measure O on each
— average gives (O) = (y,| Oy, up to filter approximation error.

e We study energy density (H)/N, thermodynamic-limit observable

- Measure observable O

|w) Initial
state
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Infroducing noise to QETU



Hardware Defects

e QETU makes assumptions about exact implementation of gates

e Real hardware suffers from calibration drift over large timescale
o Timescales required for measuring observables on the ground state

|w) Initial

|w) Initial
state

state

Drifted QETU e oo

Drift enters
across circuit
- Measure observable O “eraﬁons
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Hardware Defects

|w) Initial _|w) Initial .
state n E 'l;uatenl - Drifted QETU ¢ o0

- Measure observable O

Phase factors get perturbed

|@) ancilla

P+ (+l

|w) system

- phase rotation e”{—i¢1 X} on ancilla - controlled e?r{—iH} / e~r{+iH} - measure ancillain |+)




Noise Models

Additive Multiplicative

¢(noisy) — CbWz +o- J qb(noisy) _ ¢Wz . (1 +o- J )

dmax dmax

o = Drift Rate
9 = Current Circuit Iteration

dmar = Max Circuit Iterations
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Noise Models

QET-U filter (o-space, zoomed): unperturbed vs +10~2 phase shift
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Noise Models

Drifted QET-U preparation (fixed o = 7e-02,n =4, g = 4.0)

Energy density
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A Closed Loop Control Scheme



Energy density as a learning signal

e Drift causes the implemented phases {¢ } to drift away from the
designed {¢} — filter degrades — prepared state has higher
energy ’rhon the true ground state.

e This makes (H)/N a natural loss function: minimize it by adjusting
the phases

e C(losed-loop QET-U: treaf phases as learnable parameters, use
measured energy density as the objective, optimize online

UC SANTA BARBARA



Closed loop optimization scheme

QSP phase computation
Initial ¢'*

Single-parameter correction
E IS one scalar app uniformiy

Bounded local searc

Drift accumulates

curr_drift += drift_rate

Measure (H)/N

Estimate £_t fro

minimize_scalar
Update £ ¢ argmin €(g)

o +

Run QET-U

curr_drift + €
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Closed loop optimization scheme

Objective Landscape at drift = 0.100 rad (t = 100)

O et Exact energy density
- Measured (500 shots)
== True correction (-0.100)
=== Ground state ed (-5.3959)
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Experimental Setup

System & Hamiltonian

TFIM Hamiltonian H=-3:2iZj1—9),;X;
System size n = 4 qubits

Transverse field g=4

Filter degree d =40

Drift rate Orate € [1074,1072] rad/step

Measurement budget

Nitotal = tmaz + I_'t'm}'{g'&J ' Eopt * Mshots

Total shots for experiment Niotal
Time horizon tmax Steps
Recalibration interval K steps
Optimizer evals per recalibration Bt
Per-step cost Mhots

UC SANTA BARBARA



Numerical Validation

QETU Drift Feedback Optimization (n=4, g=4.0, drift_rate=0.001, recalib=50)

Energy Density vs Time Fidelity vs Time
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Numerical Validation - scaling

Drift Carrection Performance — Bounded models only (from |]SON)

Final Fidelity (corrected) Energy Density Recovery (%) Measurement Budget {shots)
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Future Directions

- Continue Scaling to larger system sizes (20+ qubits)
- Test framework under different hamiltonian (XY
model)
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