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Molecular Quantum Chemistry @ SDU’{‘

Diagonalization problem

) = E|v) (1)
Defining an Ansatz
[4) = U(6) |ref) (2)
Variational Optimization
E = min <ref(UT (a)HU(a)( ref) (3)
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Operator Representation @ SDU’{‘

Second quantization Hamiltonian

H Z hpquq T = 5 Z gpqrsepqrs (4)
pars

Epq = é;r)aéqa + 3,5998 (5)

épqrs = quErs - 6qréps (6)

Jordan-Wigner Mapping

N
®ZJ (XP-;IYP) ® Tk (7)
K

=P+1
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Wavefunction Representation @ SDU’{‘

Wavefunction configuration (Jordan-Wigner Mapping)

0
0 1 0
0
In general
€0
i a = 2
U(0)[11...00) = [¢) = . D lglP=
CN
0(0) = U(6:1)U(62)...0(6m)
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Symmetries @ SDU’{‘

Particle conservation

N,  |1100),1010), ... (11)

Spin conservation

S, 11a041508) ,|14040515) , ... (12)

Total spin conservation

32’ %(’1a0a0515> + ‘Oalalﬁoﬁ»a'" (13)
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Fermionic operators @ SDU’{‘

Fermionic excitation operators

T)=3alal 53 (14)
Unitary form
0i(0) = exp (0 (T, - T7)) (15)

Pauli form

U,(Q) = exp <6?Z cJI5J> = Hexp (GCKIADK) , [IADK, IADL} =0 (16)

J K
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Fermionic operators @ SDU’{‘

Circuits

lgpt)

\(l(p‘ 1)A>

lag-1)1)

gar)

ars)

lar+1)1)

lg(s—1)4)

lass) [rvo)]

13 two-qubit-gates (improved to 12 by Irfansha Shaik).

Yordanov et al., Phys. Rev. A 102.6 (2020)
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Symmetry problems @ SDU’{‘

= FCl singlet == FCl triplet ¢ SD

~147.60
_ -147.61 1
(0]
g
5 —147.62 -
L
Y _147.63 -
_147.64 T T T T T T

1.8 1.9 2.0 2.1 2.2 2.3 2.4
Roo [A]

Breaks 52 symmetry.
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Spin-adapted operators @ SDU’{‘

Spin-adapted double excitation operators
SA % 1 E R E B
Taipj = (EaiEbj + E;j Ebi)
2,/(1+ 06) (1 + 6y)

. 1—6)(1=65) /1 o & &
A Téliibj = ( a;z/(g J) (EaiEb_j - Eaijf)

Three cases

Aqr _ SAF _ SA 57
APP =" Taprp qurp
0] Ars __ SA % SA F-71
[ ]qu - Trpsq - Trpsq
1] Ars _ SA 5 SA 51
[ ]qu - Trqu B TriTDSQ
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Spin-adapted operators @ SDU’{‘

Closed-form

M
S k2m 2\3+2m> sin (S,0) (22)
m=0

D
X
©
—
e
™o
-
~—
Il
_—
+
=
~—

N : M
+ Z (Z k,(,zm) /A43’"> (cos(Sn0) — 1)

Kjellgren et al., J. Chem. Phys 163.13 (2025).
Magoulas and Evangelista, Mol. Phys 123.19-20 (2025).
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Symmetry problems fixed @ SDU’{‘

- FCl singlet & SD
= FCl triplet ® SsaDsa

-147.60
. —147.61 -
()
g
£ —147.62
=
Y _147.63 -

_147.64I T T T T T

1.8 19 20 21 22 23 24

Roo [A]

Erik Kjellgren (SDU) Quantum Software and Quantum Programming October 14, 2026 11/21



Circuit construction? @ SDU’{‘

Pauli form

exp (9 /A4J) = exp (62 cJ.E’J> =2 Hexp <0C_]:b_j) (23)

J J

Non-commutativity

[ﬁ% 'bK} #0 (24)
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State of the art @ SDU’{‘

Wei—Norman decomposition

R dimg R
eBAJ _ H eak(@)Gk7 [éja Ck} — Z f';li G/ (25)
k=1 !

® Start from the pieces of /2\_], add all commutators, repeat until
nothing new appears.

® The closed set { Gy} spans g; #factors = dimg (5 / 28 / 84).

Jain et al., J. Chem. Phys 164.19 (2026).
Magoulas and Evangelista, arXiv:2511.13485 (2025).
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State of the art @ SDU’{‘

Example
N 0 /A N
qr\ _ 7 atrd _ aqir?
exp (HAPP) = &xp (ﬁ (Apri APTN)) (26)
Example
Aqtrl
N AAPTPJ,’
r. A
AZTN (hqirT + ”qirT) )
g = Span N AAZ*;TU = Span {Gla G2a G3, G47 G5} ) (27)
r A
AT (hatrs + Parrt)
~ J/ ~ 2
AZT:I (hpri - ”pri)

Jain et al., J. Chem. Phys 164.19 (2026).
Magoulas and Evangelista, arXiv:2511.13485 (2025).
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State of the art @ SDU’{‘

Circuit sizes
Aqr 0] Ar 1] Ar
‘ AgP ‘ []Apsq ‘ []Apsq
Lie group dimension | 5 28 34
F#two-qubit-gates 72 352 1042
Highly controlled gates
Aglr) — Azg’t (hCNFT + ﬁQUT) — C4Ry (28)
OIAs — ... — COR, (29)
WAz — ... — COR, (30)

Magoulas and Evangelista, arXiv:2511.13485 (2025).
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Reducing circuit sizes ,Z\g[r) @ SDU’{‘

® Only use Gy = Ag%ﬁ and G; = Ag*;i?

Minimal word

e@AZ; _ ea5(0)f;1 ea4(0)C3 ea3(0)C1 632(49)@3 ea1(0)C1 (31)

® a,(0) might not be analytical.
® Might not work in the entire domain of 6.

e |s shorter, naively 65 two-qubit-gates! vs 72 two-qubit-gates.

160 two-qubit-gates using Irfansha Shaik circuits.
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- - - - o qr
Reducing circuit sizes A7,

lart) —
laqr) —
lgrt) —
lapy) —
l9Q1) —

lary) —

[apt)

lgs1)t)

9a-1)1)

gqr)

lars)
)

qr+1)4)
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lass)

{Ry(=2a1)

{RyCar)]

{Ry (=200}

{Ry2an]

58 two-qubit-gates
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Reducing circuit sizes A, @ SDU’{‘

More complicated operator

5 1 /- 5 & 5
[0 Ars _ = sl arlst  arfsl rlst
qu ) (Aqui Aqui ApiqT + ApiqT) (32)
Grouping
Olars _ 1 (% ¢ ¥ artsl | prdst v ardst | artsl

APq T2 (X Y) , X= Aqui + ApiqT’ Y= APTCN + ApiqT (33)
artsl ardst| _ ardst artsl| _
Akt At =0, AL AT =0 (34)

Shortest found word
& OAs eas(e)v 637(9)f< eaﬁ(e)f/ ea5(9)5< ea4(9)§/ eag,(a))% eaz(e)f/ eal(e)x (35)
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Improvement? @ SDU’{‘

Best circuits (so far), two-qubit-gate count

Aqr 0] Ars 1] Ars
Agp [ ]qu [ ]qu

Wei-Norman 72 352 1042
Our best circuits 58 172 394
Reduction 19% 51% 62%

® Might still be room for a lot of improvement.

® Maybe a completely different direction than what we are doing?
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The end @SDU’{‘

HQC HYBRID QUANTUM CHEMISTRY

ON HYBRID QUANTUM COMPUTERS

- P A
Oskar Graulund S D U /i‘

Syddansk Universitet Novo NOI’!jiSk
Foundation

Lentz Rasmussen
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