
Chia Cheng Chang 
RIKEN iTHEMS 
UC Berkeley

Improving Schrodinger Equation 
Implementations with Gray code 
for Adiabatic Quantum Computers



Problem and related works
Solve the Schrodinger equation


 

Can use {qubits} per lattice site (sol. is diag. in comp. basis, but expensive) 
Phys. Rev. D 103, 016008 (2021) 
 
Can use qubits to label positions on the lattice (exponentially less qubits) 
arXiv: 2101.05821 
In 2101.05821, the authors present a circuit QC algorithm. 
In each trotter step, a QFT and inverse-QFT is performed. 
The Laplacian and potential are diagonal in the respective spaces.


In this context, we present a new algorithm suitable for adiabatic quantum 
computing.
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Adiabatic QC and quantum annealing

Solve eigenstate of final Hamiltonian by adiabatically evolving from initial H.


Hamiltonian are expressed as k-local (A-body) spin operators


Quantum annealing restricts Hamiltonians to 2-local transverse Ising Model


Initial ground state is the maximal superposition state


Quantum annealing sets are our algorithm design considerations
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Schrodinger equation w/ real potentials

Let us consider first time-independent real potentials.


Discretize the equation (e.g. with a periodic square well for now)
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Let us consider first time-independent real potentials.


Discretize the equation (e.g. with a periodic square well for now)


This is a 3-qubit example (23 lattice sites in 1D)
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Schrodinger equation w/ real potentials
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Let us consider first time-independent real potentials.


Discretize the equation (e.g. with a periodic square well for now)


This is a 3-qubit example (23 lattice sites in 1D) 
Periodic boundary conditions
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Schrodinger equation w/ real potentials
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Let us consider first time-independent real potentials.


Discretize the equation (e.g. with a periodic square well for now)


This is a 3-qubit example (23 lattice sites in 1D) 
Periodic boundary conditions
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Drop -2 global identity

(constant energy shift)
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r2f(x) = f(x+ 1) + f(x� 1)� 2f(x)

Schrodinger equation w/ real potentials
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Let us consider first time-independent real potentials.


Discretize the equation (e.g. with a periodic square well for now)


This is a 3-qubit example (23 lattice sites in 1D) 
Periodic boundary conditions 
Real potentials can be encoded entirely on the diagonal
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Schrodinger equation w/ real potentials
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Qubit mapping
Solution in general is a superposition in 
the computational basis
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Qubit mapping
Solution in general is a superposition in 
the computational basis


Qubits in the computational basis map to 
position in binary
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Qubit mapping
Solution in general is a superposition in 
the computational basis


Qubits in the computational basis map to 
position in binary


Amplitude maps to value of the wave 
function at the given position
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Qubit mapping
Solution in general is a superposition in 
the computational basis


Qubits in the computational basis map to 
position in binary


Amplitude maps to value of the wave 
function at the given position


Eigenvalue is the energy of the state
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Mapping the Laplacian to spin models
We want an efficient mapping to qubits 
 
Space complexity improvements 
 
 • Exponential number of lattice sites


 • Polynomial number of terms in the Hamiltonian


 • Fixed Pauli weight


 • Small Pauli support 

Time complexity improvements


 • Polynomial time to recover ground-state wavefunction
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} Achieved by 
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to spin models
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I will talk more in detail about mapping of the kinetic energy operator
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@2

@x2
 (x) ! 1

a2
[ (x+ a) + (x� a)� 2 (x)]

Binary encoding of the Laplacian



I will talk more in detail about mapping of the kinetic energy operator


A natural choice of a 1D lattice (with 8 sites) is labelled as


<latexit sha1_base64="bqMQgul4n4zUVKroG3LBkNrkDVs="></latexit>

@2

@x2
 (x) ! 1

a2
[ (x+ a) + (x� a)� 2 (x)]

<latexit sha1_base64="wymjCc3CFbQKCXTs2DeEwGSWaxI="></latexit>

0 1 2 3 4 5 6 7

Yielding the following 
discrete derivative


can drop identity w/o 
loss of generality

<latexit sha1_base64="BhgW8PA4KpaGoy+x34qQKSfc6wY="></latexit>

1

a2

0

BBBBBBBBBB@

0 1 0 0 0 0 0 1
1 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0
0 0 1 0 1 0 0 0
0 0 0 1 0 1 0 0
0 0 0 0 1 0 1 0
0 0 0 0 0 1 0 1
1 0 0 0 0 0 1 0

1

CCCCCCCCCCA

� 2

a2
1

Binary encoding of the Laplacian



Binary encoding of the Laplacian
<latexit sha1_base64="wymjCc3CFbQKCXTs2DeEwGSWaxI="></latexit>

0 1 2 3 4 5 6 7
<latexit sha1_base64="0nJ6NzlkLwX9h2keq8fH8ix/2vk="></latexit>0

BBBBBBBBBB@

0 1 0 0 0 0 0 1
1 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0
0 0 1 0 1 0 0 0
0 0 0 1 0 1 0 0
0 0 0 0 1 0 1 0
0 0 0 0 0 1 0 1
1 0 0 0 0 0 1 0

1

CCCCCCCCCCA

For this 3 qubit example

<latexit sha1_base64="wmxcxB4jvR5/ZvDqZnFoOiHC2is="></latexit>

0 ! 000
1 ! 001
2 ! 010
3 ! 011
4 ! 100
5 ! 101
6 ! 110
7 ! 111



Binary encoding of the Laplacian
<latexit sha1_base64="wymjCc3CFbQKCXTs2DeEwGSWaxI="></latexit>

0 1 2 3 4 5 6 7
<latexit sha1_base64="0nJ6NzlkLwX9h2keq8fH8ix/2vk="></latexit>0

BBBBBBBBBB@

0 1 0 0 0 0 0 1
1 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0
0 0 1 0 1 0 0 0
0 0 0 1 0 1 0 0
0 0 0 0 1 0 1 0
0 0 0 0 0 1 0 1
1 0 0 0 0 0 1 0

1

CCCCCCCCCCA

For this 3 qubit example

<latexit sha1_base64="wmxcxB4jvR5/ZvDqZnFoOiHC2is="></latexit>

0 ! 000
1 ! 001
2 ! 010
3 ! 011
4 ! 100
5 ! 101
6 ! 110
7 ! 111

1 bit difference
2 bit difference
1 bit difference
3 bit difference
1 bit difference
2 bit difference
1 bit difference

The mapping of qubits to 
lattice site is complicated 

(but still has a pattern)

Interactions between spins to 
accomplish this is complicated 

(but still generalizable to A spins)



Binary encoding of the Laplacian
<latexit sha1_base64="G6mPJevhLVv19Qk6+GeRE6jILwY="></latexit>

CA =
A�1Y

0

�+
i +

A�1Y

0

��
i

P 0 =
1+ �z

2
P 1 =

1� �z

2

<latexit sha1_base64="X5JcckqDJ3zggWoiTzh5/iOj8pQ="></latexit>

�x
0 =1⌦ 1⌦ �x

�x
0�

x
1 =1⌦ �x ⌦ �x

�x
0�

x
1�

x
2

�
P 0
0P

0
1 + P 1

0P
1
1

�

�x
0�

x
1

�
P 0
0P

0
1 + P 1

0P
1
1

�

<latexit sha1_base64="+/KjwKPEl9DTU0NGBw3BZIQrnpk="></latexit>0

BBBBBBBBBB@

0 1 0 1 0 0 0 1
1 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0
1 0 1 0 1 0 0 0
0 0 0 1 0 1 0 1
0 0 0 0 1 0 1 0
0 0 0 0 0 1 0 1
1 0 0 0 1 0 1 0

1

CCCCCCCCCCA

�

0

BBBBBBBBBB@

0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0

1

CCCCCCCCCCA

<latexit sha1_base64="hYXOsg+gv91WL0+iFlma5AoS11M="></latexit>

LA =LA�1 � CA�1 + �xCA�1

=LA�1 + (�x
A�1 � 1)

A�1Y

0

�x
i (P

0
i + P 1

i )



Binary encoding of the Laplacian
Space complexity improvements 
 
 • Exponential number of lattice sites  -  Yes!


 • Polynomial number of terms in the Hamiltonian  -  Yes!


 • Fixed Pauli weight   -   Grows as order A


 • Small Pauli support  -  Requires all 3 Pauli matrices and their products  

We have “exponential space” improvement in a very restricted sense


Realistically this is not going to be realized any time soon (50 years? Never?)



Laplacian in binary reflected Gray code
Binary reflected Gray code definition

Binary
<latexit sha1_base64="wmxcxB4jvR5/ZvDqZnFoOiHC2is="></latexit>

0 ! 000
1 ! 001
2 ! 010
3 ! 011
4 ! 100
5 ! 101
6 ! 110
7 ! 111

<latexit sha1_base64="gaxVGsuzJkIGIHVnXnH3eaUKB2g="></latexit>

0 ! 000
1 ! 001
2 ! 011
3 ! 010
4 ! 110
5 ! 111
6 ! 101
7 ! 100

BRGC
BRGC is an alternative 
mapping of a bit-string 
to an integer


The binary bit-string is 
also the base-2 integer


But any 1:1 mapping is a 
valid representation



Karnaugh Map for BRGC


Visual way to see a valid Gray code

Laplacian in binary reflected Gray code

Binary
<latexit sha1_base64="wmxcxB4jvR5/ZvDqZnFoOiHC2is="></latexit>

0 ! 000
1 ! 001
2 ! 010
3 ! 011
4 ! 100
5 ! 101
6 ! 110
7 ! 111

<latexit sha1_base64="gaxVGsuzJkIGIHVnXnH3eaUKB2g="></latexit>

0 ! 000
1 ! 001
2 ! 011
3 ! 010
4 ! 110
5 ! 111
6 ! 101
7 ! 100

BRGC
<latexit sha1_base64="BfpMjyyePEdassXJhJ2C1QQiovk="></latexit>

00 01 11 10

0

1



Laplacian in binary reflected Gray code
One way to visualize the simplification

Binary
<latexit sha1_base64="wmxcxB4jvR5/ZvDqZnFoOiHC2is="></latexit>

0 ! 000
1 ! 001
2 ! 010
3 ! 011
4 ! 100
5 ! 101
6 ! 110
7 ! 111

<latexit sha1_base64="gaxVGsuzJkIGIHVnXnH3eaUKB2g="></latexit>

0 ! 000
1 ! 001
2 ! 011
3 ! 010
4 ! 110
5 ! 111
6 ! 101
7 ! 100

BRGC

00 01 10 11

1. Label site with bit-string

2. Convert to Int in BRGC

3. Reorder in increasing Int values

Maps transverse Hamiltonian to Laplacian 
in the case of A=2 

(previously we needed σxσx as well)



Laplacian in binary reflected Gray code
<latexit sha1_base64="8nombVb/DW7Ye1Hfm3+BslgRZx4="></latexit>

L2 =�x
0 + �x

1

LA =LA�1 + (�x
A�1 � �x

A�2)
A�3Y

i

P 0
i

<latexit sha1_base64="56h5Qlv+UK15RAW4qzyv2wwyy50="></latexit>

1X

0

�x
i =1⌦ 1⌦ �x

+ 1⌦ �x ⌦ 1

�x
2P

0
0 =(�x ⌦ 1⌦ 1)

⇥ (1⌦ 1⌦ P 0)

�x
1P

0
0 =1⌦ �x ⌦ 1

⇥ 1⌦ 1⌦ P 0

<latexit sha1_base64="gcHp1VKXL5qF0KkLzVyUxhkjZE8="></latexit>0

BBBBBBBBBB@

0 1 1 0 1 0 0 0
1 0 0 1 0 0 0 0
1 0 0 1 0 0 1 0
0 1 1 0 0 0 0 0
1 0 0 0 0 1 1 0
0 0 0 0 1 0 0 1
0 0 1 0 1 0 0 1
0 0 0 0 0 1 1 0

1

CCCCCCCCCCA

�

0

BBBBBBBBBB@

0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0

1

CCCCCCCCCCA



Space complexity improvements 
 
 • Exponential number of lattice sites  -  Yes!


 • Polynomial number of terms in the Hamiltonian  -  Yes!


 • Fixed Pauli weight   -   Yes! (XZn is polynomially reducible to XZ and ZZ)


 • Small Pauli support  -  Yes! (Only need X, XZ, and ZZ)


We have exponential space improvement


This can possible be realized much sooner

Laplacian in binary reflected Gray code



Hamming distance 2 Gray code
How do we further reduce the complexity of the spin model?


Instead of X, XZ and ZZ, we want just X, Z and ZZ


In other words…


Can we map the Schrodinger equation to


Transverse Ising model in polynomial number of qubits?



<latexit sha1_base64="BfpMjyyePEdassXJhJ2C1QQiovk="></latexit>

00 01 11 10

0

1

Hamming distance 2 Gray code
Why does BRGC need an XZ coupling?

Adjacent lattice sites are 1 bit different 
(Hamming distance = 1)


There are non-adjacent lattice sites that 
are also 1 bit different


Pauli X will yield derivatives to both 
XZ eliminates unwanted derivatives

Why not use a Gray code where non-adjacent codes are >= 2 bit different



Hamming distance 2 Gray code
4 qubits H2GC Karnaugh map

00

00 01 11 10a3,2

a1,0

01

11

10

Only works with 2N qubits 
 
If bit-strings are nulled


we can snake a path through wheren 
non-adjacent site have 

a Hamming distance of 2


Only Pauli X + Z and ZZ are needed



H2GC
6 qubit construction


The basic path is copied to a 
layer that is separated by a drill-
through layer 

Has  valid sites 
Exponential in number of qubits


 
The penalty terms are always at 
most a 3-body interaction

<latexit sha1_base64="dlTaUShrg4us/MpBSPdzBuf+lb8=">AAACGnicbVDLSgMxFM3UV62vqks3wSIIQp0poi4rbrqsYB/SGUsmTdvYTGZI7ghlmK9wW3/Gnbh147+4MNN2oa0HAodz7ivHjwTXYNtfVm5ldW19I79Z2Nre2d0r7h80dRgryho0FKFq+0QzwSVrAAfB2pFiJPAFa/mj28xvPTOleSjvYRwxLyADyfucEjDSQ+UxuTmvnDlpt1iyy/YUeJk4c1JCc9S7xW+3F9I4YBKoIFp3HDsCLyEKOBUsLbixZhGhIzJgHUMlCZj2kunBKT4xSg/3Q2WeBDxVf3ckJNB6HPimMiAw1IteJv7r9XQ2cGE79K+9hMsoBibpbHk/FhhCnCWCe1wxCmJsCKGKm/sxHRJFKJjcCq5mJlQ5gGHiPoWQJuabacHE5SyGs0yalbJzWa7cXZSqtXlweXSEjtEpctAVqqIaqqMGoihAL2iCXq2J9Wa9Wx+z0pw17zlEf2B9/gAdEqFJ</latexit>

2A/2+1

11

a4
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0 1

0

1

00 01 11 10 00 01 11 10

00
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10
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Space complexity improvements 
 
 • Exponential number of lattice sites  -  Yes!


 • Polynomial number of terms in the Hamiltonian  -  Yes!


 • Fixed Pauli weight   -   Yes!


 • Small Pauli support  -  Yes! (Only need X, Z, and ZZ)


We have exponential space improvement


Can (almost) be implemented today!

Hamming distance 2 Gray code



D-dimension and A-body extension
D-dimensions is straightforward 
A-particles is the same for Boltzmann statistics (molecule simulations for now)


Reflected Gray code 
1D A=1


00 
01 
11 
10

Reflected Gray code 
2D A=1 or 1D A=2

0000 
0001 
0011 
0010


0100 
0101 
0111 
0110


1100 
1101 
1111 
1110


1000 
1001 
1011 
1010

Nested Gray code 

Qubit scaling is 
DA log(sites/dim)



Mapping real potentials to Ising Model
Next I will focus on mapping arbitrary real potentials to k-local Ising Model




Walsh series
The Walsh functions can be organized 
with respect to sequency.


Has even/odd modes.


Free of Gibbs phenomena.
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Adiabatic evolution
Start from free field and adiabatically turn on potential. 
(basically textbook adiabatic theorem of quantum mechanics)


The ground state of the Laplacian is identical to transverse field Hamiltonian. 
(this is the zero-frequency state)


<latexit sha1_base64="0zYJ7VzyeeUpSTJWJAlSKgqmCWU=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIFaEkIupGKLqJ4KKCfUAbwmQ6aYdOHsxMhBIK/oobF4q49Tvc+TdO2i60euDCmXPuZe49fsKZVJb1ZRQWFpeWV4qrpbX1jc0tc3unKeNUENogMY9F28eSchbRhmKK03YiKA59Tlv+8Dr3Ww9USBZH92qUUDfE/YgFjGClJc/ccyrqCF0ix7tFx+gqfzhe0zPLVtWaAP0l9oyUYYa6Z352ezFJQxopwrGUHdtKlJthoRjhdFzqppImmAxxn3Y0jXBIpZtN1h+jQ630UBALXZFCE/XnRIZDKUehrztDrAZy3svF/7xOqoILN2NRkioakelHQcqRilGeBeoxQYniI00wEUzvisgAC0yUTqykQ7DnT/5LmidV+6xq3Z2WazezOIqwDwdQARvOoQYO1KEBBDJ4ghd4NR6NZ+PNeJ+2FozZzC78gvHxDWeOkpU=</latexit>

H(t) = HL +B(t)HV

<latexit sha1_base64="GwJvnh76t7hQ/QmnCGyMBA9zpPQ="></latexit>

 (0) = (|"i+ |#i)⌦A



Adiabatic evolution
Integrate the time-dependent 
schrodinger equation to simulate the 
schrodinger equation… at least until 
there is a suitable AQC.


We have parallelized GPU code to 
simulate up to 20+ qubits.


Gap of the spectrum for initial state 
preparation will typically be simple.


Probability converges to 1 as expected.

Energy spectrum

Probability of observing 
final ground state
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Deuteron binding energy
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Some final thoughts
We have mapped the Schrodinger equation to spin models 

Given that


1) The potential can (at some point) be coarse grained


2) There isn’t any fine-tuning in the potential such that the first excited-state is 
abnormally gapped from the ground-state 

Then the Schrodinger equation is polynomially mapping in both space and time 
complexity to the XZ and Transverse Ising model
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Rademacher functions
There is a class of orthogonal functions which are analogous to sin and cos


The Rademacher functions are the basic building blocks


Discrete Rademacher is exactly the 
diagonal elements of the 1-local 
Ising Model

<latexit sha1_base64="wBOW4HP2wrDFgqK+JvJ2QC1Qdg4=">AAACG3icbVA9SwNBEN2LXzF+RS1tFoOgCOEuiNoIgo12UYwJ5GLY28wli3t7x+6cGI78Dxv/io2FIlaChf/GTUyh0QcDj/dmmJkXJFIYdN1PJzc1PTM7l58vLCwuLa8UV9euTJxqDjUey1g3AmZACgU1FCihkWhgUSChHtycDP36LWgjYnWJ/QRaEesqEQrO0ErtYuWiregR9RHuUEeZEV01oL4RypcQ4nblOlO7nlUSQdHXotvDnXax5JbdEehf4o1JiYxRbRff/U7M0wgUcsmMaXpugq2MaRRcwqDgpwYSxm9YF5qWKhaBaWWj3wZ0yyodGsbalkI6Un9OZCwyph8FtjNi2DOT3lD8z2umGB62MqGSFEHx70VhKinGdBgU7QgNHGXfEsa1sLdS3mOacbRxFmwI3uTLf8lVpeztl93zvdLx2TiOPNkgm2SbeOSAHJNTUiU1wsk9eSTP5MV5cJ6cV+ftuzXnjGfWyS84H1/1m6DD</latexit>

Rn = sign sin
�
2n+1⇡t

�

<latexit sha1_base64="n/J7HU70knO4Lxzbyg+GZR5xna0=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eghe9VbEf2K5LNk3b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg1YfDDzem2FmXpRwpo3nfTmFpeWV1bXiemljc2t7x93da+g4VYTWScxj1YqwppxJWjfMcNpKFMUi4rQZDa+mfnNElWaxvDfjhAYC9yXrMYKNlULXvQslukQdzfoCPz6EVip7FW8G9Jf4OSlDjlrofna6MUkFlYZwrHXb9xITZFgZRjidlDqppgkmQ9ynbUslFlQH2ezyCTqyShf1YmVLGjRTf05kWGg9FpHtFNgM9KI3Ff/z2qnpXQQZk0lqqCTzRb2UIxOjaQyoyxQlho8twUQxeysiA6wwMTaskg3BX3z5L2mcVPyzind7Wq7e5HEU4QAO4Rh8OIcqXEMN6kBgBE/wAq9O5jw7b877vLXg5DP78AvOxzdo3ZLl</latexit>

Rn = �Z
n

<latexit sha1_base64="b50GalCg58Nq/AErFGvFaEKWv3Q="></latexit>

�z ⌦ 1⌦ 1 =

0

BBBBBBBBBB@

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 �1 0 0 0
0 0 0 0 0 �1 0 0
0 0 0 0 0 0 �1 0
0 0 0 0 0 0 0 �1

1

CCCCCCCCCCA



Rademacher functions
There is a class of orthogonal functions which are analogous to sin and cos


The Rademacher functions are the basic building blocks


Discrete Rademacher is exactly the 
diagonal elements of the 1-local 
Ising Model


A qubit system has A Rademachers
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<latexit sha1_base64="wBOW4HP2wrDFgqK+JvJ2QC1Qdg4=">AAACG3icbVA9SwNBEN2LXzF+RS1tFoOgCOEuiNoIgo12UYwJ5GLY28wli3t7x+6cGI78Dxv/io2FIlaChf/GTUyh0QcDj/dmmJkXJFIYdN1PJzc1PTM7l58vLCwuLa8UV9euTJxqDjUey1g3AmZACgU1FCihkWhgUSChHtycDP36LWgjYnWJ/QRaEesqEQrO0ErtYuWiregR9RHuUEeZEV01oL4RypcQ4nblOlO7nlUSQdHXotvDnXax5JbdEehf4o1JiYxRbRff/U7M0wgUcsmMaXpugq2MaRRcwqDgpwYSxm9YF5qWKhaBaWWj3wZ0yyodGsbalkI6Un9OZCwyph8FtjNi2DOT3lD8z2umGB62MqGSFEHx70VhKinGdBgU7QgNHGXfEsa1sLdS3mOacbRxFmwI3uTLf8lVpeztl93zvdLx2TiOPNkgm2SbeOSAHJNTUiU1wsk9eSTP5MV5cJ6cV+ftuzXnjGfWyS84H1/1m6DD</latexit>

Rn = sign sin
�
2n+1⇡t

�

<latexit sha1_base64="n/J7HU70knO4Lxzbyg+GZR5xna0=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irol6Eghe9VbEf2K5LNk3b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg1YfDDzem2FmXpRwpo3nfTmFpeWV1bXiemljc2t7x93da+g4VYTWScxj1YqwppxJWjfMcNpKFMUi4rQZDa+mfnNElWaxvDfjhAYC9yXrMYKNlULXvQslukQdzfoCPz6EVip7FW8G9Jf4OSlDjlrofna6MUkFlYZwrHXb9xITZFgZRjidlDqppgkmQ9ynbUslFlQH2ezyCTqyShf1YmVLGjRTf05kWGg9FpHtFNgM9KI3Ff/z2qnpXQQZk0lqqCTzRb2UIxOjaQyoyxQlho8twUQxeysiA6wwMTaskg3BX3z5L2mcVPyzind7Wq7e5HEU4QAO4Rh8OIcqXEMN6kBgBE/wAq9O5jw7b877vLXg5DP78AvOxzdo3ZLl</latexit>

Rn = �Z
n



Walsh functions
A qubits has 2A dimensional Hilbert-space. Need more basis states.


The complete orthonormal functions are the 2A Walsh functions.


Walsh functions are related to Rademacher functions by binary representation


And is a bijective map to the complete set of k-local Ising-like Hamiltonians

<latexit sha1_base64="i4MyW2QazUSGK7WtX9mF5jdwCS4="></latexit>

1 ! 001 ) W1 = R1 = �Z
0

2 ! 010 ) W2 = R2 = �Z
1

3 ! 011 ) W3 = R2R1 = �Z
1 �

Z
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Decimation coarse-graining
Fast Walsh Transform to get coeff. 
with N log(N) complexity


However, for A qubits, N = 2A


Coarse-grain potential before FWT.


Decimation coarse-graining as a 
cheap alternative.


Setup complexity is now negligible 
given “well-behaved” potentials.



If we can coarse grain the potential


Then the (classical) time complexity of setting up the problem can be 
exponentially reduced


This is of course application dependent

Potential construction summary



Harmonic Oscillator with H2GC
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H2GC penalty term challenges
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