
 

Day 4 Quantum simulation

Tereareafewcommonthigswe
can do with quantum simulation

calculate lowest energy state

of a system ground state

study the time dynamics
of a

quantum system

I will mainly focus on today

As I mentioned
before the observables

of a quantum system are always

probabalistic due to superposition

so we will generally not beable
to say after

a time t this electron will be at

location or this qubit will

be measured as 1



But the wave function describing
a quantum system does evolve

deterministically with time

Wave functions evolve according to

Schrodinger's equation
SE

The time dependent SE is

its 1 11 HCH 4 t

Hamiltonian of the
system

total energyoperator

This type of differential equation
has

a simple solution If we strip away

the quantumness
here we have something

like

FX ex

A solution to this is

t o et



similarly the solution to the time dep
SE is

14 t e x o

The abovemight not be true if it
depends on time

so if we know the wavefunction at

0 and the Hamiltonian H we

know the wave function at all later

points in time

we point out that is the same

as evolving under
a unitary operator

UCH e
itith

14 t Ult 410

In the case where H H t we can still

find the wave function evolution but

the equations are more complicated

What's the problem here

What is the size of a wavefunction

Consider 1 spin
1
2 particle
two level



since it has 2 levels we can describe
the system by a wavefunction

147 410 β 1 2 coefficients

Now consider 2 spin 1 2 particles
7 7

This whole system is described by a

wave function

147 100 β 017 8 10 8111

Now we have 4 coefficients arising
from the fact that a system of n two level

particles encodes 2n classical bits
of

information due to superposition

Suppose you
want to simulate a

system of 80 spin
1 2 particles Then

you need to store
280 1024 wavefunction

coefficients in classical memory

If you use single precision
storage this

would require 3.2 1025 bits 3YB
yottabyte



The total amount of data stored in

theworld predicted by 2025 will be

175 ZB 1.4 1024 bits
zettabyte

clearly classical computing
resources are

not up to the challenge

Why a quantum computer

a quantum computer inherently
possesses the same exponential

scaling as quantumsystems

ImaintypesofQuantumsimulation

Analog Quantum
simulation

engineer the Hamiltonian of

the simulator to emulate the

desired Hamiltonian

let the simulator evolve
under

the simulator Hamiltonian



Hsys Hsim

Usysltl Usimit
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SIMULATOR

Interaction measurement

Digital simulation

use single and two qubit
gates to synthesize

Usim t

14107 Usimit A



What is an example of an interesting
Hamiltonian for analog simulation

Tight binding Model
MTB

describes electrons in solids

explains some conductance
properties of metals

O too 0
E Ez Ez E4

Each site can be treated as a

2 level system
107 no electron

117 electron

Energy of each site H site E oz

Hsite 107 Eo

site 117 E



ΔE Ei Eo E

Exchange interaction between neighboring

sites
Hint oxox Oyoy

Flint 1017 I 0 0 101 ryoy 1017

12 1107 1107

J 10

Hint 107 oxox 110 ryoy 1107

1017 1017

J 017

we also call this a hopping interaction

because the excitation hops back

and forth between the 2 sites

When we evolve under Hint for



various times we would see the

excitation hopping back and forth

Pr A 1 QBI

QB2
s t

So the total Hamiltonian generalized would be

HTB _Et oz Jij oYoj 0,99s



H E tie
where He is a k local Hamiltonian Conly
involves non identity operations

on K qubits

Ex for 2 10cal Oy ox of

Ex for 3 10cal Ox ox of a Oy

Most Hamiltoniansof
interest can be decomposed into

such K local Hamiltonians

our unitary that we want to synthesize is

Nlt e
i titty

e if He th

If Hi Hj 0 for all i j E 1112 m

then



Act Im e
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Tecant construct
this with gates

Examples of gate constructions

He Oz ox of
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q

bent
rotation around Z for
time At

let's make sure we understand the idea behind
this

suppose we are doing
a 0 rotation

Rza
e ie o
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i02

OR Rz10 o Gio up
to aglobal

phase



so 107 107 and 117 e 11

let's consider all four possible input
basis states

I
1007 1007 107010 100

1017 101 10 Qe 11 pit107
1107 111 11 06011 eit 107
1117 1107 1170 107 1117

We wanted to apply Oz0022 which corresponds

to a phase flip for 101 and 1107 only
which we have

The same works for He Oz Ego

6617
4

We can also generalize to other

Pauli's EX HEH X



So if He Oy ox of

1
a

tab

What if Hi Hj O for some

of i j E El i 2 m

eatB eheB

We have to use the Trotter Suzuki

formula

UCT e
if tie T

let e
item O mint

This is called Trotherization



The simulation becomes
more accurate

as we increase n

summary

Analog
pros does not require

Trotter steps i.e

potentially more
accurate

cons limited by the

possible H of your
1

pm

Digital
pros flexibility

in terms

of Asim

cons requiresTrotterization
which induces errors


