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Figure 1 The diagram of the architecture and workflow of TenCirChem software package. (a)
Architecture of TenCirChem®. (b) Typical workflow of variational quantum algorithms and
the underlying packages used for each task in TenCirChem. The superscript a represents

electronic structure, and the superscript b represents quantum dynamics®!
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Figure 2 The performance of TenCirChem in electronic structure calculations. (a) Potential
energy curve for the symmetric stretching of the O—H bond in H,O with the 6-31G(d) basis set.
The 1s orbital of the O atom is frozen, and the whole system is described by an (8e, 170)

active space and a quantum circuit on 34 qubits. The FCI energy with STO-3G basis set is

included for comparison™™; (b) Ground state energy of the one-dimensional half-filled



Hubbard model by UCCSD with increasing coulomb repulsion strength U/t ®); (c) VQE
ground state energy of H, with parity transformation in the presence of depolarizing error,
characterized by the error probability p. The R, hardware-efficient ansatz is used, with
between 1 and 3 layers™®!; (d) VQE potential energy curve of H, computed on a QPU backend.
QPU energies obtained from the classically optimized parameter and the full VQE

optimization process are both shown!
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Figure 3 The performance of TenCirChem in quantum dynamics calculations. (a) Quantum
circuit corresponding to the 3-layered variational Hamiltonian ansatz for the 1-mode spin-
boson model using binary encoding with Gray code. ¢ represents the spin, and q; represents
the boson™; (b) Spin relaxation of the one-mode spin-boson model simulated by variational
quantum dynamics®’; (c) Charge occupation on the first molecule vs time at several values

of AG®; (d) Charge transfer rate k as a function of AG, for 2<t<8. The dots are from a

linear fit based on <a§a0>(t) =—kt + ¢ to the linear region in (c), and the dashed lines are the

predictions of the Marcus theory Eq. (15) and full quantum charge transfer theory!®!



[&13(c) A1 (d) < 1) 72 i F TenCirChem 5 #0111 5 - Marcus #5278 [ P 470 5 2 18] (4 FL
A F 4% BRI B S R D 25 R - Marcusi ARG 2 i By

H =V (aja, +ala,) + AGaa, + ) b, + gy a/a(b] +b), (19

i=0,1 i=0,1
X al(a) Flal(a,) 2 IR — AN A TR A (R A . B EIRA]

KHFERRIV=-01, TENMEH =1, RNIIFE0=0.5. MarcusH i 2 it i
W, I8 PR SN T A 7 B BE AR AEAG, S NI SR IR SE 1 A kb -

k =£\Eexp{_w}, (15)
hn\ A 42

Hh j=20?w R EAAE, PRIBER G —RE. 188 FAE R, LG
AG=—A=—1I 1A B EH KH .

PERLAL P B 0 TS B RCR U0 T 98, 1 AT R R s iy s R g A 207 B 7
b Lo BRI HAT SRES T L, AR R AR B3R T
{5 Fi TenCirChem i 2 4t itk Bt=843 21111 (ala, ) 5 1 [ (¥ BR &% R AGHITE A M

0~—2. (EXIIRITBL(t<2), [P REEE IR N, MAE2<t<8If, SPERFRS, &
PR RIEAAE E . BB(d) R 1 ARSI S R R ke A AR R A R 5
Wi, R ASE R T B/ ARk IU IR M K(AG) B, ARG R2.71, FEAG=-11,
R Z A B B R, SER TN — 3. BIrhitm b 7 4 B o A R B
WIS SR AR R R B R PR R k 54
BTG RAAE R, — I Tl B 3(c) i s A o 4 S
A RAE2<t<8 R NE XA T Z M SR 2, MEREREAR S MR ERiIRE;: 7
TN AT S ENESR N S EE RS 2 E TR EiRE. B
QAR AR B R AR B I B SRR R, AT A AT I R it (1) MR T Eh
FEFIIR R, AT RE 6 3G L2k Pk XS B 8, AR VEIN S SR MER: (2) B9R3E
RN TR

3E FTenCirChemF R KEFHHEHE
TenCirChem X AF 0 1 HE A 75 N & ik EAL =3 (- e W FIE, WARMEFRATITF &



P E IR, S BIA R NSRS L. AT ESNHCHEMEA
HHSOAPH

3.1 ZFClifford £ B i i & T2

Clifford 2 #% /& — KRk & 74, & T-CliffordBE 141, Clifford 2 74
BEM TR, CliffordBE & =1 7: HadamardiJ(H), AA4Z11(S)RI5Z4#4E1T(CNOT). 40
R c ZClifford 575, WXHEAMEF P, CTPC ISR A& . Gottesman-Knill & 2
H, AR B Clifford IJAT TS RE 5% b FRI & 28 R 1) & - 2k B 0 v Ao i 72 1 B A
WAE 2 M ML A A BB N B HRET R, A R () Clifford 25 % 1
2 W AR RON), X SR — &1 2 PR IO HR B R MR U AR L . 72T 30
AT AN ACHEMEE, &R I B A2 e RR 8 ORIF WA 25 0 5 A TE TS 1 R, A BhERAT
BT T B2 R 2 R R PR AT P AT AL

BETH UG 0 7Y AR 4 Uchem DA TS BIHEAZL B 040 10 56 B A2 E A Je s 12 B 4(a)
A5 W R A 5E SUN

H'= U(T:HEM I:IUCHEM' (16)

H'FUH G AR AR, (A RRFARES. B Ucuem PR 51 A Clifford i 1k,
H' /LS ik Sl A s b ¥, 3P A 5 H BAMAMT . 4
Ueren =Y/ ea(0) » BB ZREYIE NHFS |y, ) NO=0F [1RE 22N

(#(0)

H|# (0)) = (% [H|¥e). (A7)




(a) r___.» __________________________
input [A=3wih S N, pm——
PR, _z'_'_' J_,r ; ¥ ¥ \ output
e U =P Ucypm = UcUfisa(0) = A' = Ul AUcuem -|-->| 7] }
l ﬂ | Upga () f £ Hamitonian engineering | e ;T_ oz
| G} E = (y(8)|A'|y(8)) | ( with \l
R |
© --Txony-Txo -y ' LY
=45 ty (y. 2 (07 = /
| g 71‘ : iAo |
= iy
: 10k |, | = —
{4 Arbitrary 1-qubit Clifford I
. itrary 1-qubit Cliffor \ Sl gxl26 ) _L 4|
Update {C;} and Classical optimization Final energy
\ pdate {C;} and s ical opt VAL, &
TR i s D | e, - G St G GO G  — S—. . — -’
(b) BeH,, full space, FHEM Active space systems Full space
- d
g (c) (d)
£
5 107
, e
E 1072 * T *
237 " R e &
¥ 107 \ W T - N
W o G bl S
g 10 N o —_ .
@ 157 107 -%
BeH,, full space, :w/o CHEM 10~ (e) x_ ®
1 10°% 10 p)
H \
£ N
> e
G g1 e i it S
= -It 2 10 ~*~
8 % 1 > -
ase 3+10° x,
10 \ N
<1077 { o — - — G itfprrrgporiaarsfprrrae | 1073 &
o o o ! 2 3 4 5 6 1 2 3 4 S 6
[
sl (mH) —e- LiH, (2e,30), CHEM —k- BeHy, (4e,40), CHEM
LiH, (2€,30), wio CHEM BeH;, (de,40), w/o CHEM
——- HF p=2 p=4 p=6 <k LiH, full space, CHEM e~ BeH, full space, CHEM
BeH,, full

LiH, full space, w/o CHEM

K4 CHEMJ7i: LR . (a) CHEMJT R & K20, (b) 4 FICHEM T i BB HLAT 4R 1k
(IR, AU X BeHo 4 2% [ At A4 B & 3 A1 (L 1) S A FH CHEM 792 A Ry 8L 152 14 A 1 46 5
(TP, Jkfo i Bl 2R R R HRBE B IR MR 2 . S22k E RS B At ()RI(d) A
AL HIHEARS B 522 5% - 5tpha o= R () MI(F) 22 i it i 5 4 % 2 Fp ity % 2 1,
MEE TEEER ST PSR BRFROMNEERCHZEAERCHEMES R,
Ak EAFE PR AR T A HA Clifford B #: i Z W2 VQELL . (c)F(d)H
(RIBH 52 X 3006 B 1 keal/mol (2516 mH) 4k 2 HERf 1

©
H

Figure 4 CHEM approach and its application. (a) Schematic diagram for the CHEM
approach?®!: (b) Optimized energy distributions using the CHEM protocol and Ry ansatz with
random initializations for BeH, full space (above). The corresponding results for the R,
ansatz without CHEM are also shown (below)™. The gray dashed vertical lines represent the
corresponding errors for HF energy. The solid curves are from kernel density estimation; (c)
and (d) are the optimized HEA energies vs number of layers p®!, (e) and () are the reward
function vs. number of layers p?, these four pictures include results for CHEM with and
without active space treatments of the three molecules. Lines with deep colors and star
markers are for CHEM, and lines with light color and circle markers are for the VQE based
on the Hamiltonian without Clifford transformation. The shaded areas in (c) and (d)

correspond to the chemical accuracy of 1 kcal/mol (or 1.6 mH).
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Figure 5 SOAP approach and its application. (a) Schematic diagram showing the
optimization trajectory of sequential optimization methods when there are large off-diagonal
elements in the Hessian matrix. Traditional sequential optimization methods start from the
gray dot and proceed along the gray line. SOAP identifies a more promising average direction
marked by the orange arrow which significantly accelerates the convergence®”; (b)
Convergence rate of SOAP compared to other gradient-free optimization methods based on
noisy simulation. The guantum noise is modeled as Gaussian noise to the measured energy
with a standard deviation 1 mH. The standard deviation from 5 independent trajectories is
depicted as the shaded area. The red dotted line is the optimum value from the L-BFGS-B
method based on the noiseless simulation. N, molecule is used for the test’®”; (c) Quantum
circuit used for hardware experiments®”; (d) Convergence rate of SOAP compared to other
gradient-free optimization methods based on experiments on QPU. The benchmark platform is
UCCSD calculation of Hg with a (2e, 20) active space approximation, which corresponds to 2
qubits and 2 circuit parameters. For each method, 3 independent optimization trials are

performed®”
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Figure 6 Comparison of different encoding schemes for calculating Holstein model. (a)
Numerical simulation results for the ground state energy by binary encoding and variational

encoding with different coupling strength g of the Holstein model®. (b) Numerical

simulation results for the spin-relaxation dynamics of the spin-boson model: comparison
between binary encoding with different numbers of phonon basis states and variational
encoding for a one-mode spin-boson model®?®!. (c)-(e) Quantum hardware experiments for the
ground state energy of the Holstein model with variational basis state encoder. (c) Three qubits
out of nine qubits of a superconducting QPU and a one-parameter circuit are used for the
simulation. (d) Ground state energy by binary encoding and variational encoding. (e)
Convergence of ground state energy with respect to the macro-iteration for variational

encoding'®
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Quantum computing has emerged as a transformative approach for tackling complex
problems in quantum chemistry, particularly in simulating multielectron systems and

electron-phonon interactions. However, the current noisy intermediate-scale quantum (NISQ)



devices face significant challenges in implementing practical quantum algorithms due to
error accumulation caused by increased circuit depth, qubit counts, and gate operations. To
address these challenges, we present TenCirChem, an open-source Python package
specifically designed for implementing variational quantum algorithms in quantum

computational chemistry.

TenCirChem demonstrates exceptional performance in simulating unitary coupled-
cluster circuits through its innovative use of compact representations for quantum states and
excitation operators. This package supports noisy circuit simulation and provides advanced
algorithms for variational quantum dynamics, enabling researchers to explore complex
chemical phenomena. Its capabilities are exemplified in various applications, including the
calculation of potential energy curves and the investigation of quantum gate error impacts on
molecular systems. Moreover, TenCirChem's seamless integration with real quantum

hardware makes it a versatile tool for both simulation and experimentation.

A key innovation developed within the TenCirChem framework is the Clifford-based
Hamiltonian engineering approach for molecules (CHEM). This algorithm addresses the
critical challenge of achieving chemical accuracy with shallow quantum circuits, a
fundamental requirement for practical applications on NISQ devices. CHEM employs a
sophisticated Clifford-based Hamiltonian transformation that operates within the variational
quantum eigensolver (VQE) framework using hardware-efficient ansatz. The method ensures
four crucial advantages: (1) generation of initial circuit parameters corresponding to Hartree-
Fock energy, (2) maximization of initial energy gradients with respect to circuit parameters,
(3) minimal classical processing overhead without additional quantum resource requirements,
and (4) compatibility with any circuit topology. Through quantum hardware emulator
demonstrations, CHEM has achieved chemical accuracy for systems up to 12 qubits with
fewer than 30 two-qubit gates, representing a significant advancement in practical quantum

computational chemistry.

To enhance the efficiency of variational quantum algorithms, we developed the
sequential optimization with approximate parabola (SOAP) method, specifically designed for
parameter optimization in unitary coupled-cluster ansatz. SOAP addresses the critical
bottleneck of measurement requirements in VQE by implementing an innovative

optimization strategy that approximates the energy landscape as quadratic functions. This



approach minimizes the number of energy evaluations while incorporating parameter
correlations through the integration of average directions from previous iterations.
Benchmark studies demonstrate SOAP's superior performance, showing faster convergence
and enhanced noise robustness compared to traditional optimization methods. The method's
scalability has been validated through numerical simulations of up to 20 qubits, and its
practical efficacy has been confirmed through experiments on superconducting quantum

computers.

For simulating electron-phonon systems, we introduce a variational basis state encoding
algorithm that significantly reduces resource requirements compared to conventional unary
and binary encoding schemes. Our approach achieves smaller scaling than traditional
methods for qubits and gates for systems obeying the area law of entanglement entropy, this
remarkable reduction in resource requirements comes at the cost of a constant amount of
additional measurements. The algorithm's effectiveness has been validated through both
numerical simulations and quantum hardware experiments, demonstrating that using just one
or two qubits per phonon mode can produce quantitatively accurate results across various

coupling regimes.

The integration of these innovations within the TenCirChem library represents a
significant advancement in quantum computational chemistry. The software package
provides researchers with a comprehensive toolkit for developing, testing, and implementing
quantum algorithms, while the novel methods address fundamental challenges in circuit
depth, parameter optimization, and resource efficiency. These developments collectively
enhance the practicality of quantum computing for addressing real-world chemical problems

in the NISQ era, offering improved accuracy, efficiency, and noise robustness.
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