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WE BUILD QUANTUM COMPUTERS

Low-depth simulations
of fermionic systems
on square-grid
guantum hardware
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Objective:
Simulate a single Trotter step of a fermionic

system on a realistic quantum computer in
minimal circuit depth.

fSIM, (0, ¢) =

o8 (XaX;+YiY;)+i§ (Zi+Z;—Z: Z;)




1. Fermionic Models

HEs = Z hpqc;f,cq + Z hquSc;cgcrcs
Pq
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1. Fermionic Models

Complexity

TRIVIAL

| QM

Aljigeluawa|dw|



2. Fermion-to-qubit mappings

Tight Binding Hamiltonian:

Hre = Z Y CTC]

Z
Horizontal 1 Horizontal 2 Vertical 1 Vertical 2
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2. Fermion-to-qubit mappings

Hrp = Z tijcjcj
1,]

A{cl,ely ={ei,e} =0

” D
{ci, c;} = cz-c;r- + c;r.cz- =0

)

Edge and vertex operators:
Eij, Exi] = [Eij, Vi) = [Vi, V] =0

Hopping operators:

?
[cj-ck + c,icJJ—> [§(Vk — Vj)Ejk]

Fermions Qubits

S. B. Bravyi and A. Y. Kitaev, Ann. Phys. 298, 210 (2002)
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2. FermlOn-tO-qurt mna pp”’]gs {Bij, Vi} = {Bij, Eji} = 0

(Eij, Er] = [Eij, Vi] = [Vi, V] =0

HTB — E tzj CTC | C;;Ck +CJIrch - %(Vk — Vj)Ejk
J Jordan-Wigner mapping

]
-——====
( N
{Cia C;L} — CiC;L' —+ C;r-CZ’ :57,3 /

_ {c,}L,cj.} ={ci, ¢t =0

J cle; +cles = XiZi1 Zya Yy + YiZi1 Ty X,




2. FermlOn-tO-qurt mna pp”’]gs {Bij, Vi} = {Bij, Eji} = 0

[Eij, Eri] = [Eij, Vi] = [Vi, V3] =0

- fep +che, = = (Vi — Vi) By
— E t’b]cTc. % TG 7
HTB 1] Jordan-Wigner mapping
]
a8 A

” D
{ci, c;} = cic;r- + c;r.cz- =0

A{cl,ely ={ei,e} =0

J i
] 1]

Black arrows

j CTCj + C}CZ' = XiZ@'_l...Zj+1}fj + }/iZi—l---Zj—l—lXj

(3

Local mappings

Bravyi-Kitaev mapping
Verstraete-Cirac mapping

Derby-Klassen mapping



. Fermion-to-qubit mappings , i -ts -

[EijaEkl] = [Em,Vk] = [‘/Z, ij] =0
1

Local mappings * .— . —. '

Bravyi-Kitaev mapping

Verstraete-Cirac mapping

Derby-Klassen mapping




. Fermion-to-qubit mappings , i -ts -

[EijaEkl] = [Em,Vk] = [V;, ij] =0
1

in '.; B —.'".

Local mappings

Bravyi-Kitaev mapping
Verstraete-Cirac mapping

Derby-Klassen mapping
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. Fermion-to-qubit mappings iyt

1
c;ck + chj — §(Vk —V;)Ejk

Verstraete-Cirac mapping — j
Derby-Klassen mapping . . . .

C. Derby et al. Phys. Rev. Res. 104 (2021)
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Local mappings

Bravyi-Kitaev mapping




2. Fermion-to-qubit mappings
Why local mappings are better when no ATA couplings?

* Local fermionic operators === |ocal two-qubit gates
* Less depth

* Less number of gates

* Error correction/mitigation properties

I. D. Kivlichan et al. PRL (2018)
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2. Fermion-to-qubit mappings
Why local mappings are better when no ATA couplings?

* Local fermionic operators === |ocal two-qubit gates
* Less depth

* Less number of gates

* Error correction/mitigation properties

But more ancillas? | prefer Jordan-Wigner

 Number of qubits are not the limiting step nowadays

I. D. Kivlichan et al. PRL (2018)
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2. Fermion-to-qubit mappings
{Eij, Vit = {Eij, Ejky = 0

PPA . . ‘ [Ez'j; Ej] =T [Eij, Vi) = [V;, V;] =0

1

PA H ©
PPAA H B © ©
PAA H & ©

MA et al. (2023), arXiv:2302.01862
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2. Fermion-to-qubit mappings
{Eij, Vi} = {Eij, Ejr} =0

[Eij, B = [Eij, Vi = [Vi, V] =0

1
chey, +cle; = 5 (Vi = Vi) Ej

PA -

MA et al. (2023), arXiv:2302.01862
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2. Fermion-to-qubit mappings
{Ei;, Vit ={Ei;, Ejx} =0

[Eij, B = [Eij, Vi = [Vi, V] =0

1
chey, +cle; = 5 (Vi = Vi) Ej

PA N N

MA et al. (2023), arXiv:2302.01862
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2. Fermion-to-qubit mappings

{Eij, Vi} ={Eij, Ejr} =0
[Eij, Ew] = [Eij, Vi) = [Vi, V] =0
T T

1
o000 s

MA et al. (2023), arXiv:2302.01862
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2. Fermion-to-qubit mappings
{Eij, Vit = {Eij, Ejky = 0

[Eijkal] = [Eij7 Vk] = [V;, ‘/j] =0
T T

1
. ‘ . ‘ . ‘ cjcr ey = 5 (Vie = Vi) Eji

MA et al. (2023), arXiv:2302.01862
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2. Fermion-to-qubit mappings

B-O-f1 ¢ = e :j:j:j {”“Eﬁv}vfo
B-O0-i1-o = o o7 g B
B=-O-E1 e H o B O H OB o

H o I-O— ©¢ B o HE o 0 EEoHoo QAo

DEDE-DE-D &5 &5 S-HE-DE-

Edge operators Vertex operators
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2. Fermion-to-qubit mappings .. .._.
[Eijy Exi) = [Eij, Vi] = [Vi, V] = 0
clep +cle; — %(Vk = Vi) Ejk

Horizontal 1 Horizontal 2 Vertical 1 Vertical 2

® — Diagonal 1 Diagonal 2 Diagonal 3 Diagonal 4
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Fermionic
connectivity graph




{Eij,Vi} ={Eij, Ejr} =0

2. Fermion-to-qubit mappings
(Eij, Egt] = [E4j, Vie] = [Vi, V] =0
m O H O ﬂ O ﬂ O ﬂ O c}ck+czcj—>%'(vk—vj)Ejk

1

0-0-1 o me Bom@oeoBoe e
00—l o me BoeBoRo ¢

YeZoXj + X1 Z,Y;

Edge operators Vertex operators
\ ;

—-O—Z— 019
= H=—-Q=Z-0 -9
L—-0—Z-0 10

Hopping operators
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2. Fermion-to-qubit mappings
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2. Fermion-to-qubit mappings
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2. Fermion-to-qubit mappings

R—O—Z-0—1—9
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2. Fermion-to-qubit mappings

R—O—Z-0—1—9
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3. XYZ decomposition

eiaZl Z2 ZgZ4 —

NHNHNFHN
€




3. XYZ decomposition

56 6

P. V. Sriluckshmy, MA et al. (2023) arXiv:2303.04498

XYZ decomposition

eia(’) — ei%(’)leia(’)ge—z%(’)l

O = %[01702]
0? =1

Graphical notation
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3. XYZ decomposition 0O _ 4i501 4ias ;50
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120 — (i§01,ia02,—if0;
4. Fermionic Simulation Ol

Hopping operators clc, + clc,

:g Y X %:
— X—Y—X:Y—X—Y
Y XAYAX

. O (X XYY Vi L (2t T — 73 7
Remember we are using fSIM: e?z (XiXs +YiYi)+iq(Zi+2;-2:Z;)
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120 — (i§01,ia02,—if0;
4. Fermionic Simulation Ol

Hopping operators clc, + clc,
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Remember we are using fSIM: e?z (XiXs +YiYi)+iq(Zi+2;-2:Z;)



e’iO&O — ei%Ol ez'oz@ge—i%(’)l

4. Fermionic Simulation 0 = 304,04l

0?2=1
Hopping operators ¢! !
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4. Fermionic Simulation
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4. Fermionic Simulation
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4. Fermionic Simulation
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4. Fermionic Simulation
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4. Fermionic Simulation ,,,_s- ..
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Fermionic
connectivity graph

4. Fermionic Simulation .-y .. vy, @
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Fermionic
connectivity graph

4. Fermionic Simulation .-y .. vy, @
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4. Fermionic Simulation

So, what’s the improvement?

Least number of TQGs with DK + XYZ decomposition

Up to 72% depth reduction (3.2x).
« Shallowest single-Trotter-step circuits for these condensed matter Hamiltonians in literature:
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Thank you for your
attention!

DA< manuel.algaba@meetigm.com
Y @ManuQPhys



Backup |

But, where is the advantage coming from?

Decomp. Native |'TB NNN FH NNN FH NNN HK NN
TQGs PA PAA DK PAA
XYZ fSIM 18 | 74 ] 55
Standard| fSIM 31 68 97 84
XYZ7Z |CNOT 31 125 100
Standard |CNO™T 47 93 130 132
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Backup |

Hrp = Z tijczcj

2,]

A{cl,ely ={ei,e} =0

” D
{ci, c;} = cic;r- + c;r.cz- =0

)

Edge and vertex operators:
Eij, Exi] = [Eij, Vi) = [Vi, V] =0

Eigenspace condition:
p|—1

{P1=1) H Epj,pjﬂ =1
J

S. B. Bravyi and A. Y. Kitaev, Ann. Phys. 298, 210 (2002)
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Backup Il

Hubbard-Kanamori Hamiltonian:

HHK = Z tijmac'-irmacjma + Z UimnianimJ,

i, mso b
+ Z vy (nimT”z‘m T nimnim)
1,m<m
+ ) U (nianiﬁLT + niminimi)
1,m<m
- g + T T
_|_ Z J’me <szTsz¢CmechmT + szTszic’bmiC%mT
1,m<m

T T T T
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Quantum circuit
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