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Essential: Preparation, control and manipulation of quantum states with high-fidelity and in a fast and robust way
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Counter-diabatic Driving A = G o

[ PI [ = ﬂ [ /lA ﬂ\ Adiabatic gauge potential E ' E ‘;
( ) — 0( ) + A Responsible for transition é/ é/ S

First principle: Berry’s ‘ Transitionless quantum driving’ J. Phys. A 42 365303 (2009); PRL 105, 123003 (2010)

[H(t) —Zm n|+1hZ(|8,n (n| — (n|d,n)|n)(n|) Eﬂo(t)ﬁuﬁl(t)a/ CD term

Limitations : priori knowledge of the system’s eigen state; hard to implement in the lab.

Consider approximate gauge potential A3 Consider approximate gauge potential as
. l
[ A% = Y a0y ] [Agl) =i Y o)A, [A,.....[H,0,H1I] ]
k=1 2k~1

. . . . . . _ A2
Minimizing the action : § = Tr|G3| First order nested commutator :

AV = ia (DA, 6,H]

where G, = d,H+i[A*, H]

PNAS 114, E3909 (2017) PRL 123, 090602 (2019)
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Adiabatic Quantum Computation

Adiabatic quantum computation (AQC) is a form of quantum computing which relies on

the adiabatic theorem to do calculations and is closely related to quantum annealing

Rev. Mod. Phys. 90, 015002 (2018)
H(t — 0) - Hi

\/H(?/\

H(t=T) = Hf

H(@) = (1 —A(t)H; + A(H)H;

 In principle any computational problem can be encoded in this way.

* The total run time depends on the minimum spectral gap (4,,,;,,) of H(t).
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Digitized adiabatic quantum computing with a
superconducting circuit
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John M. Martinish*

The circuit model can efficiently simulate the adiabatic quantum computing by using the digitization
* Flexibility to construct arbitrary interactions using single and two qubit gates.

 (Consistent with error correction.

T
The time evolution operator: UO.T) = Texp l_l j; dtH(t)]

digitization

n M
Trotterization -- > 00,T) — U0, T)gi = ]_[ ]_[ exp {~iAtC,,(jADH,,)
j=1 m=1



CD driving
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How the CD driving assist the digitalized adiabatic quantum computing?
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Single Spin System
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FIG. 2. (a) The final ground state probability Py versus the
simulation time for a single qubit using CD driving on the
ibmg essex quantum computer (solid blue line) compared to
the 1deal simulator (dashed blue line). The simulation without CD
driving in the real device (solid orange line) and ideal simulator
(dotted orange line). (b) Time evolution using DAQC and STA
methods for 7= 1. The parameters are as follows: A7 = 0.2,
hy = —1, h, = 1, and the number of shots (Ng,ots) = 1024.
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STA in Digitized AQC Phys. Rev. Appl. 15, 024038 (2021)
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SPSA Algorithm and Optimization

1.0 1 —e— without CD
—e— CD (NC=1)
—e— opt CD (N, =100)
0.8 1

fidelity

Figure 3. Fidelity of the prepared GHZ state in Ising spin systems with various sizes ranging from 2 to 10 qubits, where the
approximate (D NC (¢ = 1) and its optimization by SPSA are included, and for completeness, the case without (D terms is also
compared. The parameters: / = —1, At = 0.2, T =1and Ng,o, = 1000 are implemented on the ideal quantum simulator
Qiskit. (Online version in colour.)
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Table 1. Table on the fidelity comparison between two methods of optimal CD driving and QAOAat 7/ =T =1.
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optimal (D QAOA (p=1)

Phil. Trans. R. Soc. A 380: 20210282 (2022)
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Factorization
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Adiabatic Quantum Factorization

Let N be the number we want to factorize, p and q are the prime factors satisfying the equation N-pq = 0.

Then, we can define the cost function as,

f(x,y) = (N - xp)?]

It’s possible to encode the solution of a minimization problem in the ground state of a Hamiltonian,

- )
A X r ?
Hy = [NI (Z 2'% + 1] (Z 2" + IJ
9 =1 m=1
A [-0* ~ [-0%
where X, = ——+ and 9, = —5™ . This Hamiltonian can be written as,
N
B 22 z
= Zh()’z-l-z ],JO"ZO' +Z Kl]kO' k Z Lz]klo-io-jo-io-['
i<j i<j<k i<j<k<l )
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Multiplication Table Method - Factoring 2479

TABLE I: Multiplication table for 67 x 37 = 2479 in binary.

Factorization equations after classical
pre-processing

211 210 29 28 27 26 25 24 23 22 21 2
X 1 Xs X4 X3 XxXo x; 1
y I ya y3 y» wnl
1 X5 X4 X3 X2 X1 1
Y1 YiX5 Y1X4 Y1X3 Y1X2 Y1X1 Y1
Y2 YaXs YaXq Y2X3 YoXo Y2X1 Y2
Y3 Y3Xs5 Y3X4 Y3X3 Y3Xp Y3X1 V3
Ya  YaXs YaXq Y4X3 YaXo Y4X1 Y4
1 X5 X4 X3 X X1 1
carries Clo,1 Co,10 €89 €78 C67 Cs56 C45 C34 €23 Cip

Co11 €810 C79 Co8 C57 C46 C35 Co4

x3y1—y1=0

x3y2 —y1 =0
x3+y2+cr8—1=
Vi—Yy2—2c78+1=
x3=2y1y2—y1+y—-1=

xxXy=2479 1 0O O 1 1 0 1 0 1 1 1 1
By squaring and summing all the equations, we get the cost function as e Ziif”
;xi:O = z; =0,
2 2 2 az~—a=0ﬁzi=1.
J(x,y,0) =(3y1 —y1)" +(x3y2 =y1)" + (3 +y2 +c78 — 1) %"

+(y1 —y2 —2¢78 + 1)* + (x3 = 2y1y2 — y1 + y2 — 1)?

16



Factoring 2479 using approximate CD driving

By mapping the binary variables to the qubit operator, the final Hamiltonian corresponding to

factoring 2479 is obtained

éa )

Hy = —250] — 1.50; + 0.7505 — 0.50; + 0.250705 — 1.50703
— o704 +0.505035 + 1.50504 + 0.50350% + 0.7507{05035 + 5.751

.

The approximate CD term calculated from 1st order nested-commutator ansatz takes the form,

r N
A = 2q (t)iz o' + Jiloio! + oiol) + Koloiolor + ololok + +oiolo”

1 1 x iY%y ij\Y Yy yYz ijk\Y Yz Y yYz yWzzlz |-

L i i<j i<j<k p

where «aq(t) = 0.0830/[h§(1 — 1)? 4+ 5.01122%] , calculated using the variational method.

17



Success Probability
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Using Approximate CD driving PRA 104, L050403 (2021)

0.15F  —®— Approx. CD (Z|Y + X|Y) i<
—— NC (I=1)
| M XY = ) vit)oio + o).
i<j

The CD terms are chosen from the operator

pool, restricted to only one and two spin terms.

A% =Y, ZY, X|Y}, where Y = Z (o),

ZIY = ) Bio)(o5c; + o),

0.40
0.35F
0.30r
0.25
0.20  — LocalcDp (1)
—— Approx. CD (Y + Z|Y)
0.05¢
NG

Q Q
:xo x?) fl/.
T

The success probability of obtaining the ground state [0100) for the Hamiltonian

corresponding to the factorization of 2479 as a function of total evolution time is shown.

The performance of different CD terms chosen from the operator pool is compared.
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Factoring 35 & 235 experimentally: Using 1st order NC method in IBMQ

Factoring 35 Factoring 235
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Target ground state — \/—15( |10 ) + [01)) Target ground state — |0101 )

! . 01 ! . 05
D et 0.Q0, Vet 0y R0,
CD Driving

Circuit implementation for the time evolution of the Hamiltonian to factorize

35 = 7 x 5 using CD driving (two trotter steps). .
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{} Update {Oé, B, ’7} @

Classical Optimizer

Variational wavefunction, generalized by 3p parameters

‘ e g )7)> — ¢~ BoHig=ivpHy piapiHep  pmiciHep p-iBiHi p=iviHy) | y@N

The expectation value is calculated by repeated measurements in the computational basis

[ Fp(@.f,7) = (Y@ 5. 7) |Hy|0(@.5. D) ]

The optimal parameters (a,B,y) are found by using the classic computer.
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Ising Spin Models

(a) LFIM (b) TFIM (c) GHZ
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PR Research 4, 013141 (2022); Phys. Rev. X 11, 031070 (2021)
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Classical Optimization Problems

3-Regular MaxCut, 10 instances, p=1
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Comparing Powell and Adagrad Optimizers

Meta-Learning

QAOA

DC-QAQOA-ZY

== Powell
= Adagrad

| = powel
~f= Adagrad

1750
15001
1250
1000 1
7501
500 1
250

1 3 5 1 3 5
Number of layers Number of layers

Figure 6.2: Mean computation times (in seconds) for the problem studied in this
section for Powell and Adagrad with 0.1 learning rate. It can be seen how Powell
optimization takes much less time.

Intel Core i5-7200 U 2.50 GHz

> 071 = (o, Y0, 0)
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Y
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Update 8,7 @ [ Gagsical
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al (]_V > quant-ph > arXiv:2206.09966

Quantum Physics
[Submitted on 20 Jun 2022]
Meta-Learning Digitized-Counterdiabatic Quantum Optimization

Pranav Chandarana, Pablo S. Vieites, Narendra N. Hegade, Enrique Solano, Yue Ban, Xi Chen

Solving optimization tasks using variational quantum algorithms has emerged as a crucial application of the current noisy intermediate-scale quantum devices. However,
these algorithms face several difficulties like finding suitable ansatz and appropriate initial parameters, among others. In this work, we tackle the problem of finding
suitable initial parameters for variational optimization by employing a meta-learning technique using recurrent neural networks. We investigate this technique with the
recently proposed digitized ic quantum approxil imization algorithm (DC-QAOA) that utilizes counterdiabatic protocols to improve the state-of-
the-art QAOA. The combination of meta learning and DC-QAOA enables us to find optimal initial parameters for different models, such as MaxCut problem and the
Sherrington-Kirkpatrick model. Decreasing the number of iterations of optimization as well as enhancing the performance, our protocol designs short depth circuit ansatz
with optimal initial parameters by incorporating shortcuts-to-adiabaticity principles into machine learning methods for the near-term devices.
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Digitized counterdiabatic quantum algorithm for protein folding

Phys. Rev. Applied
Pranav Chandarana, Narendra N. Hegade, Iraitz Montalban, Enrique Solano, and Xi Chen

Accepted 25 May 2023

(@)

.-l"," 3

FIG. 8. Schematic diagram showing the tetrahedral lattice structures. (a) shows tlze lattice P and (b) shows the inverted lattice Q. The turns
taken by the amino acids will be one of the four directions (f = 0,1,2,3 or 0, 1, 2, 3) and both lattices are switched at each turn. (c) shows the
mesh made of P (shown in red) and Q (shown in blue), while the green line shows a schematic of the turns taken by an arbitrary protein in 3D.
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FIG. 6. Output probability distribution of N = 13 AVDINNNA protein and N = 17 CYIQNCPLG protein on a trapped-ion system: Quantin-
uum system H1 with 1000 shots. (a) show the N = 13 case and (b) show the N = 17 case. (al) and (bl) show the graph corresponding
to two-body interactions implemented in the CD-inspired ansatz. Blue edges show the present two-body connections while the purple edges
show the connections that are absent. (a2) shows the optimal protein configuration with a dotted green line depicting the connection of the
nearest-neighbor interaction. (b2) show the optimal configuration of protein obtained from exactly solving the problem whereas (b3) shows
the protein configuration obtained in the experiment. In (b3) amino acids ‘P’ and ‘G’ are overlapping.
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FIG. 7. Output probability distribution of N = 9 qubits by implementing the optimal circuit on (a) IBM ibmq_guadalupe where the experiment
was performed with 8192 shots and (b) Google’s quantum virtual machine rainbow [49] where the experiment was performed with 10000 shots.
Dark-colored bars show the ground-state probability of the physical qubits whereas light-colored bars show the rest of the distribution (al) and
(b1) show the hardware topology and selected qubits are shown using red color. (a2) and (b2) both show the optimal protein configurations

with the nearest neighbor connection between ‘A’ and ‘F’ shown by a dotted green line.
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Quantum Chemistry

RESEARCH ARTICLE
Simulation of electronic structure Hamiltonians using quantum computers
James D. Whitfieldt*, Jacob Biamontet*® and Alan Aspuru-Guzik®*

“Harvard UniversityDepartment of Chemistry and Chemical Biology, 12 Oxford St.,
Cambridge, MA, 02138, USA; *Oxford University Computing Laboratory,
Oxford, OX1 30D, UK

(Received 8 October 2010; final version received 18 December 2010)

Over the last century, a large number of physical and mathematical developments paired with rapidly advancing
technology have allowed the field of quantum chemistry to advance dramatically. However, the lack of
computationally efficient methods for the exact simulation of quantum systems on classical computers presents a
limitation of current computational approaches. We report, in detail, how a set of pre-computed molecular
integrals can be used to explicitly create a quantum circuit, i.e. a sequence of elementary quantum operations,
that, when run on a quantum computer, obtains the energy of a molecular system with fixed nuclear geometry
using the quantum phase estimation algorithm. We extend several known results related to this idea and discuss
the adiabatic state preparation procedure for preparing the input states used in the algorithm. With current and
near future quantum devices in mind, we provide a 1 ple using the hyd molecule of how a

chemical Hamiltonian can be simulated using a quantum computer.

Keywords: electronic structure; quantum computing
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+ A(t)[=0.9095Z — 0.9217Z + 0.5725 757 + 0.0905X5 X, + 0.0905Y5 Y.
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VQE-STA

U(6,) = eT@-T6)

T(0) = Ty(6) + To©6) + . . . + Tep(6)

STA Design ( H,)

Starting from the Hartree hamiltonian, we design the problem hamiltonian.

H,, = Hy+ }“(t)(Hf — H)

a

Once we have the hamiltonian structure, we calculate the CD term using the nested commutator

A;") = iz olH,[H,...[H, J,H]]]

H.; = 8., 0)XY, — Y X5)

Finally we choose the new hamiltonian H(¢) = H(?) + H () as the Ansatz to optimise

T(gl) = 91Z0 + 92Z2 + 93ZOZ2 + 04X0X2 + 65 Y0Y2 + 96(X0Y2 - Y0X2)

—0.2 A

~0.4 1

—1.0 A

—o— VQE-STA
—o— VQE
—— CD

H,, = 1.252Z, + 0.475Z, + A(#)[0.9095Z, + —0.921Z, + 0.5725Z,Z, + 0.0905(X,X, + ¥,¥,)]
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Conclusion

*» Digitized-adiabatic Quantum Computation:

» Flexibility to introduce arbitrary interactions: Non-stoquastic Hamiltonian’s can be easily implemented.
Any k-local Hamiltonian can be easily encoded without reducing it to QUBO form.

» Consistent with error correction. Error mitigation techniques are being developed for NISQ devices

+» Shortcuts to adiabaticity for AQC:

» Substantial improvement in the fidelities in a very short time: Achieving the desired computation
results within the coherence time of the device. Reduced gate counts on a circuit model.

» Approximate CD term calculation does not require knowledge of the spectrum of the Hamiltonian.
Both variational and algebraic methods have been developed for the efficient calculation of the CD
coefficient.

+» Digitized-Counterdiabatic QAOA & VQE:

» Counterdiabatic driving term to design a better ansatz for fast convergence.



Outlook

—+ HEA Slope=-0.69
—«- CA Slope=-0.70

¢ Scalability
* Complexity N
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** Trotter Error

Extend the results to higher qubits \ Optimial Compliation (two-body intetaction)

Different optimizers \ Trotter error & adiabatic error \Barren plateau
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