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Can we find applications for guantum computers
without quantum error correction?

Michael Marthaler



NISQ computing: What should we expect?
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Every gate has an error probability: €
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NISQ computing: What should we expect.
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Every gate has an error probability: €

Total number of gates: Na
Number if Qubits: Ng
Gate depth: D
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Generally we want at least:
Ng < 1/6

For well parallelized algorithms

(NG ~ NQD) NQD < 1/6

One can often see that
what we really need is:

Ng <K 1/6



Agenda
1) Counting gates for guantum simulation
- General quantum chemistry Ng > 1/e¢
- Lattice models Ng > 1/e
- The optimal algorithm (on a 1D geometry) Ng o NgoD

2) Quantum simulation: Total number of gates vs. depth, Ng < 1/e or D < 1/e

3) Noise in quantum simulation: From < to <
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Counting gates for quantum simulation
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The Hamiltonian

Simulating the dynamics of a molecule or solid.

Hq = E tijc;-er—F g Uijklc;fc};clcj
i ikl

The full Hamiltonian in the active space for N orbitals.

Number of terms: N4
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Trotter expansion

Simulating the dynamics of a molecule or solid.

Hq = E:twczq7 + vaklc C.ClC5 = ZH

1] 1Jkl

m

. m ]
Time evolution: U (T)= (e—sz T/m) ~ H o~ HnT

n

We assume that a unitary operator similar to a time evolution can
prepare the ground state.
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Trotter expansion

Simulating the dynamics of a molecule or solid.

Number of terms: N4

Number of gates Ng o< N % with a modest constant factor.

Quantum advantage at NV =~ 50 = Ng > 625 X 10*
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Gate count for full quantum chemistry

Simulating the dynamics of a molecule or solid.

m

] 3 M. Motta, E. Ye, J. R. McClean, Z. Li, A. J. Minnich,
Number of terms can be reduced to : [N & Babbush. 6. KinLic Chan, amiv1808.02625

Number of gates Ng o< IV 3 with a modest constant factor.
Quantum advantage at N &~ 50 = Ng > 125 x 10°

For any existing device we see: Ng > 1/¢
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Lattice models

HgBa,CuO,,;
(Hg1201)

¢ ¢ 0
.. ] Hopping
T O-G®

! 05050

R S ... Coulomb
O .. Gna{‘}C*D Interaction

High-T.
superconductor Hubbard Model
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Lattice models: simplified Hamiltonian

Full guantum chemistry:

_E : T E : T T
Hq = tijc,ci + Vi jkiC; C.CICj ¢ ¢ ¢
1] 17kl RS Hopping

Trotter step with at least order N* gates C’ )—GD

Lattice model: C& ¢ &)

.................. ~... Coulomb

HS = Z tij C,:-er + Z Uijc;-rcic; Cj GﬁD'—C‘}(*D Interaction
©J ij
Trotter step with order N? gates @_@_@

Hubbard Model
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Optimal algorithm on a 1D geometry

lan D. Kivlichan, Jarrod McClean, Nathan Wiebe, Craig
Gidney, Alan Aspuru-Guzik, Garnet Kin-Lic Chan,
% l_olﬁﬁ Ryan Babbush, Phys. Rev. Lett. 120, 110501 (2018)
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Optimal algorithm for lattice models

Hg = Z tz]cz cj + Z Uijc; czc;fcj Ut)= (e—iHst/m)

J

Using SWAP (or fSWAP) we can simulate lattice system on Qubit . 2 3 4
a 1D geometry with a very small gate depth depth.

(100 0} e () () (O
SWAP=| () s OO0 OO0 O
\o0oo0 1) et () () ()
Gate depth per Troter-step: N s 0 GO0 O,
Final O . O
lan D. Kivlichan, Jarrod McClean, Nathan Wiebe, Craig
Gidney, Alan Aspuru-Guzik, Garnet Kin-Lic Chan,
—s Ryan Babbush, Phys. Rev. Lett. 120, 110501 (2018)
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Quantum simulation: Total number of gates vs. depth

1 0 _é Depth:
J)_ 7. _;7 Total number of gates:
AL 7 —i

Depth corresponds to the time you need to run an algorithm.
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Quantum simulation: depth or total number?

Time evolution of the noisy
guantum computer:

U — o Ji dt(Hae(t)+H)

Hamiltonian we want to simulate:

Hg :ZHn

\ We will use the sum for the

Trotter expansion
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Time evolution of the noisy
guantum computer:

M
U = 67: f(f dt(Hqc (t)+Hy) HS — Z Hn
n=1

t = time to implement a Trotter step

The quantum computer performing a simulation without noise:

[ — ezfot dt Hqyc (1) _ Hneanﬁ ~ eiHST T = ‘/;/M

Hamiltonian we want to simulate:

e
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Quantum Simulation: Total number of gates vs. depth

Time evolution of the noisy Hamiltonian we want to simulate:

quantum computer:
M

U = et Jo dH(Hae(t)+Hy) Hs =) H, 1 2 —é
n=1

bed

L

The quantum computer performing a simulation with noise:

. rt . . . .
U — G’L fO dt (Hqc(t)‘i_HfY) — Hne’LHn t/M—l_Zny t/M ~ GZHST—I_ZMH’YT T — t/M

We make here a simple assumption about the time needed to create e HnT
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Quantum Simulation: Total number of gates vs. depth

Time evolution of the noisy Hamiltonian we want to simulate:

quantum computer: v
U = ei fg dt(HqC(t)‘|‘H7) HS — Z Hn 0.
n=1

bond

U = ¢t Jo 4t (Hae(D)+H) _ 1 it +ilydr o giHsT+HIMHyT 7 = ¢ /)]

The quantum computer performing a simulation with noise:

Within our simplification M = D

Even if we exactly keep track of all number of gate and gate times:
Strength of noise scales with Depth!
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Example

Hamiltonian we want to simulate:

1 1 1 )

ng§ela —|—§€20' —|—§€3O' —|—glax(7§+g O' = H{ + Hy + Hj
_1 1 1 2 1 3 _ 1 2 _ 2 3
H1 = 2€1O'z—|— 2620'z—|— 2630'2 H2 = 3§10,0, Hg = §20,.0,

The quantum computer performing a simulation with noise:

U = ¢ Jo dt(Haqe(t)+Hy) _ Hizlezﬂn HiHy = e’LHsT—FZSHWT i t/g
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Example

Simulation of five qubits: Comparing Trotterized to effective master equation simulation.

2.5]

Spectral Function
o = = N
U Q el o

o
o
|

~10 -5
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0
Frequency

10

Our effective model fits
the noisy gate based
simulation exactly.



Quantum Simulation: Total number of gates vs. depth

Time evolution of the noisy Hamiltonian we want to simulate:
quantum computer:

Hs =) H
[ — ot Jo dt(Hae(t)+H) — "

Simulation with noise:

2.5]
] — e’l:HsT—l—’l:anyT

N
e

Scaling factor:

a:DT—G\
-

Spectral Function
= =
o b

o
un

Actual time per gate

©
ot

-10 -5 0
Frequency
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Quantum Simulation: Total number of gates vs. depth

Time evolution of the noisy Hamiltonian we want to simulate:
guantum computer:
[] — ot Jy dt(Hae(t)+Hs) Hg = ZH = Emax Z hn, |hn]] <1
o n n
Simulation with noise: From this we find a o
maximal Trotter step size: '
[J = eiHsT—I—iozHWT 1 2.0
T < '§1.5
Emax
‘%0.5
Scaling factor: And we can define the 4
resolution of our simulation: I N :
,7_ Frequency
Q = D—G Emin
T > ED
Emax

SIMULATIONS



Quantum Simulation: What energies can we resolve?

Example: R R R

Error probability ¢ = 1/1000 .. | Hopping
02030

Lattice model with 100 Orbitals

and 2D cubic lattice connectivity : D) = 1( (" ¢ ‘)

~.. Coulomb

G]D:C&}C,) Interaction

Hubbard Model

oooooooooooooooooo
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Quantum Simulation: What energies can we resolve?

Example: R R R

Error probability e = 1/100 .| Hopping
OTOL0

Lattice model with 50 Orbitals

and all to all connectivity : D = 50 (" \ ‘)

~.. Coulomb

G]D:C&}C,) Interaction
05030

Hubbard Model

oooooooooooooooooo
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Quantum Simulation: What energies can we resolve?

Example:

Error probability € = 1/100

Lattice model with 50 Orbitals and all to all connectivity: 1) = 50

Emin > 1
Emax

K

> or > 7
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Noise in quantum simulation

b

— —
—

Decoherence during the operation
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Noise in quantum simulation

Computational power to simulate a
quantum computer

2N

‘ » Noise strength
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Noise in quantum simulation

Computational power to simulate a
guantum computer

22N

2N

N » Noise strength
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Noise in quantum simulation

Computational power to simulate a
guantum computer

» Noise strength
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Noise in quantum simulation

Computational power to simulate a

guantum computer _ _ _
Pushing the boundaries requires us to use

. (small) noise as a resource.

» Noise strength
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Conclusion

€

o ¢

OzC

oooooo

llllllllllll

@

Hopping

)

- .. Coulomb

GﬁDLCQD—CQD Interaction
< ¢

02020

Hubbard Model
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Computational power to
simulate a quantum computer

22N

2N

A

Noise
strength
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Thank you!

HQS Quantum Simulations
Haid-und-Neu Str. 7
76131 Karlsruhe
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