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Abstract: A system of spins with complicated interactions between them can have many possible configurations. Many configurations will be local
minima of the energy, and to get from one local minimum to another requires changing the state of very many spins. A system like thisis caled a
spin glass, and at low temperatures tends to get caught for very long times at a local minimum of energy, rather than reaching its true ground state.
Indeed, in many cases, finding the ground state energy of a spin glass is a computationally hard problem, too hard to be solved on a classical
computer or even a quantum computer in any reasonable amount of time. Which types of interactions give us computationally hard problems and
spin glasses? | will survey what is known as we close in on finding the simplest complex spin systems.
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The Church-Turing Thesis

Q Is a com@

A computer is a Turing

machine, or a sequence
of gates, or a cellular
automaton ...

Make up your mirD

It doesn’t matter, they all
compute the same, and at
roughly the same speed.

Computer
Science

Physics
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Polynomial Time

But surely a computer with a 3-
dimensional architecture will run
faster than one builtin | or 2 D.

@only polynomial@

We can measure complexity by asking how long it takes to solve a
problem as a function of the size of the input. A problem is “easy”

if it can be solved in a time polynomial in the number of bits in the
input -- it is in the complexity class P.

Strong Church-Turing Thesis: Any physically reasonable design of
.} a computer will differ in complexity only by polynomial functions
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The Quantum Church-Turing Thesis

What about a quantum cnm@

A quantum ...”! You're right, that
seems to be exponentially faster!

Can any real quantum system be
simulated by a quantum computer?
Any system | can th@
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Spin Glasses

So a quantum computer could calculate
the properties of any quantum system.

Like ground states. But wait,
there are some systems that can’t
find their own ground state.

900000 0OGDOGDOCO
0000 OGODOOO

A spin glass is a spin system with
the property that, at low
temperatures, it does not relax to
its true ground state, but instead
gets caught in local energy minima.
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00000000690
o000 00O0D0O0O0O0
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 O
local energy minima. You must change 000000000
the state of many spins to get from one 000000000
local minimum to another.and because ® ® ® © 9 06 0 0 ©
there are many, the system has difficulyy ® ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 00000000096

The Ising model in 3D with random ferromagnetic and
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antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OVDOO
local energy minima. You must change @ o000 0000O
the state of many spins to get from one @ @ @ 9000000
local minimum to another,and because ® ©® ©® ¢ 0 ® ® ¢ ¢
there are many, the system has difficulyy @ ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 0000000090

The Ising model in 3D with random ferromagnetic and
-~ " = = Page 126/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGDOGDOCO
local energy minima. You must change 0000000 0QO
the state of many spins to getfromone ® ® © © © 6 6 ® 6
local minimum to another,and because ® ®©® ¢ 0 © 0 0 0
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 0 @
finding the true ground state. 00000000

The Ising model in 3D with random ferromagnetic and
- I " B = Page 127/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © 6 6 6 0 ¢ ©
there are many, the system has difficuly @ ¢ 0 6 & 0 0 0 0 ©
finding the true ground state. 00000000

The Ising model in 3D with random ferromagnetic and
, " B = Page 128/303
antiferromagnetic bonds is an example of a spin glass.

irsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 9 6 0 0 §
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 0 ©
finding the true ground state. 90000000090

The Ising model in 3D with random ferromagnetic and
s I y ~ = Page 129/303
antiferromagnetic bonds is an example of a spin glass.

irsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many L A A L L A
local energy minima. You must change L B B B
the state of many spins to get from one 00000000
local minimum to another,and because ®* ©® ® $ ©® ® ® 0 ¢ ¢
there are many, the system has difficuly @ ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 00000000

The Ising model in 3D with random ferromagnetic and
r I I £ _ Page 130/303
antiferromagnetic bonds is an example of a spin glass.

irsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change 0000000 0QO
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 9 6 0 0 0
there are many, the system has difficulty @ © 0 6 & 0 0 @ @ @
finding the true ground state. 0000000090

The Ising model in 3D with random ferromagnetic and

Pirsa: 10100053 Page 131/303

antiferromagnetic bonds is an example of a spin glass.




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Typically, spin glasses have very many
local energy minima. You must change
the state of many spins to get from one
local minimum to another; and because
there are many, the system has difficulty
finding the true ground state.

Pirsa: 10100053

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

900000 OGOODOCO
00000 OOO
o900 0o0000O0O
90000000090
o000 000D0O0O0
000000006

The Ising model in 3D with random ferromagnetic and
antiferromagnetic bonds is an example of a spin glass.

Page 132/303




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 0000O
local energy minima. You must change oo o0000090
the state of many spins to get from one o000 000000F0O
local minimum to another,and because ® ©® 0 0 6 0 0 ¢
there are many, the system has difficuly @ ¢ 6 & 0 0 0 0 ©
finding the true ground state. 900000000906

The Ising model in 3D with random ferromagnetic and
- . . = = Page 133/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OVDOO
local energy minima. You must change @ 00000000
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © 9 © 0 0 ¢
there are many, the system has difficulty @ o000 0GOGOOCO
finding the true ground state. 90000000090

The Ising model in 3D with random ferromagnetic and
Pirsa: 10100053 Page 134/303

antiferromagnetic bonds is an example of a spin glass.




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OCDOS
local energy minima. You must change 0000000090
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 90 6 0 0 0
there are many, the system has difficulyy © ¢ 6 ¢ 0 0 0 @ @
finding the true ground state. 00000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 0O0O0OOGS
local energy minima. You must change L B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® #® 0 © ® 9 ¢
there are many, the system has difficulty ® © 0 6 0 0 0 0 0 @
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OCDOGESE
local energy minima. You must change 0000000 OS
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © © 0 © 0 0 ¢
there are many, the system has difficuly ® ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 00000000
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Spin Glasses .

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many LA A A A b J JA B
local energy minima. You must change L B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ®©® $ ® ® 6 0 ¢ ¢
there are many, the system has difficulty ® © 0 6 0 0 @ @
finding the true ground state. OO0 000000O0OO6
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® 0 6 6 6 6 0 0 ¢
there are many, the system has difficulty 000000000
finding the true ground state. 0000000090

The Ising model in 3D with random ferromagnetic and
C i i . ¥ Page 139/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change LA B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® © 6 6 6 ® © ¢
there are many, the system has difficuly @ ¢ 6 & 9 0 0 0 ©
finding the true ground state. 00000000906
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 00000 OODOO
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ®* ©® ® # ©® © ® 0 © ¢
there are many, the system has difficulyy @ ¢ © 6 ¢ 0 0 0 0 @
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

e s —— | L L e
local energy minima. You must change 00000000 O
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® 0 0 6 0 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 0 @
finding the true ground state. 90000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000000
local energy minima. You must change 000000009
the state of many spins to getfromone ¢ © © ¢ 9 0 6 ® 0 @
local minimum to another,and because ©® ® ©® © ¢ ® © 0 ¢ ¢
there are many, the system has difficuly @ ¢ 6 0 0 0 0 ©
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000000000
local energy minima. You must change L B B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © © 6 0 ¢ @
there are many, the system has difficuly @ © 0 06 0 0 0 0 ©
finding the true ground state. 90000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000 ODOGES
local energy minima. You must change 000000000
the state of many spins to get from one 000000 0O0COFO
local minimum to another,and because ® ©® 0 © 0 © 6 0 ¢
there are many, the system has difficuly ® ¢ 0 6 ¢ 0 0 0 0 @
finding the true ground state. 000000 O0O0OO6
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because @ ® 90 6 0 © 0 ¢ ¢
there are many, the system has difficulyy ® ¢ 6 ¢ 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change o0 vo00000
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © 9 © 0 0 ¢
there are many, the system has difficuly @ © 0 6 ¢ 0 0 0 @
finding the true ground state. 0000000096
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 00006060000
local energy minima. You must change 00000000 O
the state of many spins to get from one 000000 000F0
local minimum to another,and because ® ® ©® © © 9 © 0 0 ¢
there are many, the system has difficulty @ @ @ 000000
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® ©©® ® ® 0 ¢ ¢
there are many, the system has difficulty @ @ @ o000 00
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change 00 oo00o000
the state of many spins to get from one 000000000
local minimum to another,and because @ ® ® $ 6 0 ® 0 0 ¢
there are many, the system has difficuly @ ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. o0 0o00000090

The Ising model in 3D with random ferromagnetic and
= . = - Page 150/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change o000 000090
the state of many spins to get from one 0000000000
local minimum to another,and because @® ® ©® # ® 0 ® 6 § ¢
there are many, the system has difficulyy © ¢ 0 6 ¢ 0 0 0 @ @
finding the true ground state. 000000000
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Spin Glasses _ "

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Typically, spin glasses have very many

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

90000 O0OGDOGDOO

local energy minima. You must change 000000000 O
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® © 0 0 © 0 ¢ ¢
there are many, the system has difficulyy ® ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000600000
local energy minima. You must change 0000000090
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © 9 © 0 0 ¢
there are many, the system has difficulty @ ¢ 0 6 & 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGVOS
local energy minima. You must change 000000 0O0OGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ® © ® ® ® 0 ¢ ¢
there are many, the system has difficulyy @ ¢ 6 ¢ 0 0 0 0 ©
finding the true ground state. 09000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change 00000000 O
the state of many spins to get from one 000000 00OFO
local minimum to another,and because ® ©® ©® © 6 90 6 0 ¢ ¢
there are many, the system has difficulty ® ® 0 60 9 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 90O OVOO®O”®OGO
local energy minima. You must change @ 0000000
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © 9 © 0 0 ©
there are many, the system has difficulty @ ¢ 0 6 & 0 0 0 0 @
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000060606 OGOGS
local energy minima. You must change 000000000
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © 9 © 0 0 ¢
there are many, the system has difficuly @ ¢ 0 6 & 0 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000000 0OS
local energy minima. You must change 000000000 O
the state of many spins to get from one 000000000
local minimum to another,and because @ ® ® 9 © 0 0 ¢
there are many, the system has difficulcy @ ¢ 6 0 0 0 0 ©
finding the true ground state. 9000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change o000 00000
the state of many spins to get from one 000000 0DO0OCS
local minimum to another,and because ©® ©® ® 9 0 0 0 ¢
there are many, the system has difficulty @ ¢ 6 0 0 0 @
finding the true ground state. 00000000 90O
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of

freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000006000
local energy minima. You must change 600000009
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ® 9 © 0 0 ¢
there are many, the system has difficulyy ® ¢ 0 6 ¢ 0 0 0 0 ©
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 0ODOGO
local energy minima. You must change 000000 0O0OQGS
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® 9 © 0 0 ¢
there are many, the system has difficuly @ ¢ 0 6 ¢ 0 0 0 @ @
finding the true ground state. 0000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OVDOO
local energy minima. You must change 0000000 0Q0O
the state of many spins to get from one 000000 000O
local minimum to another,and because ® ©® ©® 0 0 © 0 0 ©
there are many, the system has difficulyy @ ¢ 0 6 0 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGDOGCS
local energy minima. You must change 0000000 OOGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ® © 9 © 6 0 ¢
there are many, the system has difficulyy © ¢ 6 ¢ 0 0 0 0 @
finding the true ground state. 9000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 90000 O”O”Oe
local energy minima. You must change @ o000 O0OG0OGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® © © 0 © 0 0 ¢
there are many, the system has difficulyy ® ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 0ODOGES
local energy minima. You must change 00 vo00000
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® 0 0 0 0 ©
there are many, the system has difficulty @ 00000000
finding the true ground state. 9000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGVDOGS
local energy minima. You must change @ 00000 O0OS
the state of many spins to get from one 000000000
local minimum to another,and because ® ®©® 0 6 0 0 ¢
there are many, the system has difficulyy @ ¢ 6 & 0 0 0 @ ©
finding the true ground state. 0000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many LA A B A L N
local energy minima. You must change 0090000 OOGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® ©©® 0 ® 0 0 ¢
there are many, the system has difficuly @ ¢ 0 6 0 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OOGVOS
local energy minima. You must change @@ @ ©® © 909 06069
the state of many spins to get from one 0000000 00O
local minimum to another,and because ® ®©® 9 6 0 0 ©
there are many, the system has difficulyy @ ¢ 0 6 0 0 0 @ ©
finding the true ground state. 9000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000V OGDOSE
local energy minima. You must change 00000000 °
the state of many spins to get from one 000000000
local minimum to another,and because @® ©® ® © 9 © 0 0 ©
there are many, the system has difficulyy ® ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000060000
local energy minima. You must change L B B S S
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® 0 0 ® 0 0 ©
there are many, the system has difficulty @ 00000000
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000V ODOO
local energy minima. You must change @ 000000 OO
the state of many spins to getfromone ® ® © © 9 0 6 & 6
local minimum to another,and because ® ® ® © © 9 © 0 0 ©
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. O 0O0O0000O0DO0O06
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically. spin glasses have very many 900000000
local energy minima. You must change 0000000 OOGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 0 6 0 0 ¢
there are many, the system has difficulty @ © 0 6 & 0 0 0 @
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OVOGCS
local energy minima. You must change 0000000090
the state of many spins to get from one 000000 000F0C
local minimum to another,and because ® ©® ©® 6 0 © ® 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 9000000096
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change L B
the state of many spins to get from one 0000000 0OGSO
local minimum to another,and because ® ® ©® © © 9 © 0 0 ¢
there are many, the system has difficulyy © ¢ 0 6 0 0 0 0 @
finding the true ground state. 000000060
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many LA B L B B
local energy minima. You must change o000 000090
the state of many spins to get from one 000000000
local minimum to another,and because @ ® ® © ¢ ® ® 0 ¢ ¢
there are many, the system has difficuly @ ¢ 0 6 0 0 0 0 @
finding the true ground state. 000000006

The Ising model in 3D with random ferromagnetic and
- i i . = Page 175/303
antiferromagnetic bonds is an example of a spin glass.

Pirsa: 10100053




Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OCDOES
local energy minima. You must change @ 000000 0OO
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 9 6 0 0 0
there are many, the system has difficulyy © ¢ 0 6 ¢ 0 0 0 @ @
finding the true ground state. 000000060
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because @ ® ® © 6 0 6 0 0 ¢
there are many, the system has difficulty ® © 0 60 9 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change o0 v0o000000
the state of many spins to get from one 000000000
local minimum to another,and because ®* ® ® © 9 ® 0 ¢ ¢
there are many, the system has difficuly @ ¢ 0 6 ¢ 0 0 0 0 ©
finding the true ground state. ® 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OOCE
local energy minima. You must change @ 00000000
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ® © © 0 ® 0 0 ¢
there are many, the system has difficulyy © ¢ 0 6 ¢ @ 0 0 @ @
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OOGIOS
local energy minima. You must change L B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® 0 © ® ¢ ¢
there are many, the system has difficuly ® ¢ 6 0 0 0 @ ©
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000600000
local energy minima. You must change 0000000000
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® 90 6 0 0 ©
there are many, the system has difficulyy @ ¢ 6 0 0 0 0 @
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900 0OO0OO®O”LOIS
local energy minima. You must change @ LA B A B
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © © ® © 0 0 ¢
there are many, the system has difficulty @ ¢ 0 6 & 0 ¢ 0 0 @
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 90000000 o0e
local energy minima. You must change @ 000000 OO
the state of many spins to get from one 000000 000O
local minimum to another,and because @® ©® ©® © © 9 © 0 0 ¢
there are many, the system has difficulyy ® ¢ 6 0 0 0 @ ©
finding the true ground state. 000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ©® ©®© ©® © 9 ® 0 0 ©
there are many, the system has difficulty ® © 0 6 0 9 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000000
local energy minima. You must change @ @ ©®©® 90906069
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ® 9 © 0 0 ©
there are many, the system has difficuly @ ¢ 0 6 & 0 0 0 @
finding the true ground state. 900000006 O0OC
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ® ® 90 6 6 6 0 © ¢
there are many, the system has difficulty @ ¢ 6 0 0 0 0 @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change 000000009
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © © 0 © 0 0 ©
there are many, the system has difficulyy @ ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGOS
local energy minima. You must change 0000000 0OO
the state of many spins to get from one 000000 000°
local minimum to another,and because ® ® ® © © 9 © 0 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 90000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change L B
the state of many spins to get from one 000000 0O0OFO
local minimum to another,and because ®* ©® ©® © ® ® ® 0 ¢ ©
there are many, the system has difficulty ® © 0 6 0 0 0 0 @
finding the true ground state. ®© 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000060000
local energy minima. You must change 00000 O0OOGOOS
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ® © 9 ® 0 0 ¢
there are many, the system has difficulyy @ ¢ 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000 0O0OOO®
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 00006060000
local energy minima. You must change 00000000 O
the state of many spins to get from one 000000 00OFO
local minimum to another,and because ® ® ©® © © 0 © 0 0 0
there are many, the system has difficulyy © ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change 000000000
the state of many spins to get from one 000000000
local minimum to another.,and because ® ©® ©® 9 6 0 ¢ ©
there are many, the system has difficuly @ ¢ 6 & 0 0 0 0 ©
finding the true ground state. 9000000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 900000 OGVDOGS
local energy minima. You must change 000000 OGOGS
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ® © © 9 © 0 0 0
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 0000000090
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Spin Glasses

A spin system is a collection of particles each with an internal

degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 90000000 0e
local energy minima. You must change 000000000
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ® ¢ 0 ® 0 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 & @ 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 00006060000
local energy minima. You must change 000000009
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © © 9 © 0 0 0
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 ¢ 0 @ ©
finding the true ground state. 9000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change L B
the state of many spins to get from one 000000 000O
local minimum to another,and because ® ©® ©® © ¢ 90 © 0 0 0
there are many, the system has difficulty ® © 0 60 0 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 OGVOGS
local energy minima. You must change @ LA B L L
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © 9 © 0 0 ¢
there are many, the system has difficulty @ ¢ 0 6 & & ¢ @ 0 @
finding the true ground state. 90000000090
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o000 00000
local energy minima. You must change L B
the state of many spins to get from one 000000000
local minimum to another,and because ®* ® ©® $ © ® ® 0 ¢ ¢
there are many, the system has difficulty @ ® 0 6 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000060000
local energy minima. You must change @ o000 OOGOS
the state of many spins to get from one 000000000
local minimum to another,and because ® ®©® 9 6 0 0 0
there are many, the system has difficulyy © ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change 00000000090
the state of many spins to get from one 000000000
local minimum to another,and because ® ® ©® ¢ 0 © 0 0 0
there are many, the system has difficuly © ¢ 0 6 ¢ 0 0 0 0 ©
finding the true ground state. o0 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 00006060000
local energy minima. You must change 6000000090
the state of many spins to get from one 000000000
local minimum to another,and because ® ®©® 0 © 0 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 00000000
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 0000000000
local energy minima. You must change LA B B B
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © 6 0 ® © ¢ ¢
there are many, the system has difficuly @ © 0 & & 0 0 0 @ @
finding the true ground state. 00000000406
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 ODOGES
local energy minima. You must change 000000000
the state of many spins to get from one 000000000
local minimum to another,and because @ ©® ® © © 9 © 0 0 ©
there are many, the system has difficuly © ¢ 0 6 ¢ 0 0 0 @ ©
finding the true ground state. 000000060
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many o900 0O0OOOE
local energy minima. You must change 000000 00OO
the state of many spins to getfromone ® ® ® © 9 6 6 6 0 0
local minimum to another,and because ® ® ©® © 9 6 0 ¢ ¢
there are many, the system has difficulty @ © 0 6 9 0 0 @ @
finding the true ground state. 000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 9000000 O
local energy minima. You must change @ @ ©© 9 09 0090
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® © 9 © 0 0 ¢
there are many, the system has difficulyy @ ¢ 0 6 ¢ 0 0 0 @ @
finding the true ground state. o900 0000000O
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.

Typically, spin glasses have very many 000000000
local energy minima. You must change @ @ ©®©®© 9000 0609
the state of many spins to get from one 000000000
local minimum to another,and because ® ©® ©® 0 90 © 0 0 ¢
there are many, the system has difficulyy ® ¢ 0 6 ¢ 0 0 0 0 ©
finding the true ground state. 0000000006
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Spin Glasses

A spin system is a collection of particles each with an internal
degree of freedom and a Hamiltonian coupling those degrees of
freedom. Frequently the internal variable is spin and the Hilbert
space of each particle is finite-dimensional.

Spin glasses were originally proposed as a model
to help understand strutural glasses, but they are
themselves poorly understood.
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local energy minima. You must change 00000000 0OO
the state of many spins to get from one 0000000 00O
local minimum to another,and because ® ©® ® © © 9 © 0 0 ¢
there are many, the system has difficulyy © ¢ 0 6 ¢ 0 0 @ @
finding the true ground state. 9000000000
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NP-Completeness

So it can be hard to find the ground state energy of

a system -- but if someone gives you a low-energy
state, it is easy to verify that it does have low energy.
know other problems like that.

NP is, roughly speaking, the class of problems for
which it may be hard to find the answer, but it is
easy to check the answer when given it.

NP-complete problems are the most difficult problems in NP. If
you can solve an NP-complete problem, you can solve all of NP.

Examples of NP-complete problems:

e Satisfiability of Boolean formulas
* Graph coloring
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Spin Systems and NP-Completeness
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Finding the ground state of a classical
system can be an NP-complete probl

cm.

For any Boolean formula, we can write down a
Hamiltonian, with energy = # unsatisfied clauses.

H=ABC + (I-A)(I-D) + (I1-B)(1-C)D + (1-A)(1-B)(1-D)
+ CD + B(1-C)D + AC(1-D) + AB(1-D)

0100 oOlo0l

® @0 O

Energy O
Energy |
Energy 2
Energy 3
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Hardness and Spin Glasses

Given a Satisfiability problem, we can convert it into a
Hamiltonian. If the Hamiltonian has ground state energy 0, then
there is a configuration that satisfies all clauses in the Boolean
formula. Finding the ground state energy of the Hamiltonian thus
allows us to solve Satisfiability.

Since Satisfiability is NP-complete, it
follows that finding the ground-state
energy of a Hamiltonian is also NP-
complete.

But given a Hamiltonian corresponding to a hard instance of
Satisfiability, there cannot be any reasonable environment and
cooling strategy that will bring it to the ground state. Otherwise,
we could find the ground state by simulating that cooling strategy
on a computer (or quantum computer, if necessary).

fEaioons A difficult Hamiltonian behaves like a spin glass! Py
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Quantum Complexity Classes

But don’t you also need a set
of quantum complexity classes?

| guess so. VWe want quantum
analogues of P and NP.

QMA is the class of
problems which may be
hard to solve, but are
easy to check on a
quantum computer.

BQP is the class of
problems that can be
solved in polynomial
time on a quantum
computer.
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We think, but cannot prove, that these classes are all different.




Spin Systems and QMA

QMA stands for “Quantum Merlin-Arthur”

Merlin is very —  He wishes to prove
powerful, but @ something to Arthur,
not very - who has limited
trustworthy. computational power:

A k-local Hamiltonian is a Hamiltonian which is the
sum of terms each of which acts on at most k spins.

The k-Local Hamiltonian problem: Given a k-local
Hamiltonian, is the ground state energy below E or

above E + A?

k-Local Hamiltonian is in QMA. Merlin must
rovide Arthur with a copy of the ground state.
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QMA-Completeness

itaev showed that 5-Local Hamiltonian is QMA{om@

f you can solve a QMA-complete
roblem, you can solve all of QMA!

-

For any QMA problem x, we
must find a Hamiltonian H with
low ground state energy if and
only if the answer to x is “yes”.

: ossible : : : es/no
Checking  Coitionl | | =T 1 Eean
circuit for = ) —— U, U, U, H— —
the input x: anciia 3 _'_ _'_ potential

’ ; ’ ’ solution
19, ¢,) $,) 9)

Kitaev writes down a Hamiltonian whose ground state corresponds
e och@ the “history”™ (1) = 3 19 |t) of the checking circuit. "




Who Cares if Spin Systems are Hard?

| would like to be able to find the
ground state energy of spin systems.

| can find algorithms that will do that
for some systems -- but not for NP-

complete or QMA-complete problems.

Maybe this viewpoint will help me
understand spin glasses better.
@prwe some other problems are QMA-complete now.

These techniques can be useful for other spin pmblemD
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Which Spin Systems are Hard?

So which Hamiltonians are hard
and which are easy’

at’s the wrong question. A
single Hamiltonian either has
a low ground state energy or
it doesn’t. You have to ask
about a class of Hamiltonians
so that | can study the
scaling of difficulty with the
umber of particles.

Fine. What are the hard
classes of Hamiltonians?
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Hardness of Classical Spin Systems_

. @Inok at classical spin systems l ;

3-Satisfiability (3-Local Ham.) Hard (NP-complete)

2-Satisfiability (w/ bits) Easy (P)
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A

Classical 2-Local Hamiltonian Hard (NP-complete)
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Hardness of Classical Spin Systems

! ;But?hese examples have no geo@ ;
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Hardness of Classical Spin Systems

L
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3-Satisfiability (3-Local Ham.)
Classical 2-Local Hamiltonian

2-Local Ham. in 2D (Tiling)

2-Satisfiability (w/ bits)

Hard (NP-complete)
Hard (NP-complete)

Hard (NP-complete)

Easy (P)

——ﬂ;:

A
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2-Local Ham.in ID

2-Satisfiability (w/ bits)
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Hard (NP-complete)
Hard (NP-complete)

Hard (NP-complete)

Easy (P)

Easy (P)

A
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Hardness of Classical Spin Systems

! ﬁemst&d in translation-invariant @ ;
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Hardness of Classical Spin Systems

! ﬁer&st&d in translation-invariant @ ;
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Classical 2-Local Hamiltonian

E 2-Local Ham. in 2D (Tiling)
i E Translationally-Invariant Tiling

2-Local Ham.in ID

-

2-Satisfiability (w/ bits)
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Hard (NP-complete)
Hard (NP-complete)
Hard (NP-complete)
Hard (NEXP-complete)

Easy (P)

Easy (P)
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Hardness of Classical Spin Systems

l ﬁer&smd in translation-invariant @ ;

3-Satisfiability (3-Local Ham.) Hard (NP-complete)

Classical 2-Local Hamiltonian Hard (NP-complete)

E 2-Local Ham. in 2D (Tiling) Hard (NP-complete)
ia Translationally-Invariant Tiling Hard (NEXP-complete)

2-Local Ham.in ID Easy (P)

-

g Trans. Inv. 1D Ham. Easy (P, as a function of log N)

2-Satisfiability (w/ bits) Easy (P)
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NEXP vs. NP

NEXP? What's thaD

It’s like NP, but we allow the checking
circuit to take exponentially long.

So NEXP-complete .
roblems are very hard.

Yes, but for a translationally-invariant system, the only
input is n, the number of spins. Thus, the input size is
just log n, so the checking time is polynomial in n.

* For non-translationally-invariant tiling, the input size is n, so the
difficulty is probably exp(n).

s 1008 FOF translationally-invariant tiling, the input size is log n, so the .z
difficuley is probably exnlexn(loe n)) = exnin) aeain




Hard vs. Easy Quantum Spin Systems

I gh;t about quantum spin system) ;

5-Local Hamiltonians Hard (QMA-complete)
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Hard vs. Easy Quantum Spin Systems

l gv_h;t about quantum spin syst@ ;

5-Local Hamiltonians Hard (QMA-complete)

ﬁ 2-Local Hamiltonians Hard (QMA-complete)
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Hard vs. Easy Quantum Spin Systems |

5-Local Hamiltonians

</ 2-Local Hamiltonians

I:I Hamiltonians in 2D

e—e—e Hamiltonians in ID

maooss  Specific | D Systems

! gh;t about quantum spin system)

Hard (QMA-complete)
Hard (QMA-complete)
Hard (QMA-complete)

Hard (QMA-complete)

Easy (P)

=-—-i—5d
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Hard vs. Easy Quantum Spin Systems

5-Local Hamiltonians
2-Local Hamiltonians

q

["1 Hamiltonians in 2D
—a—
g

Hamiltonians in |1D

:

Hamiltonians in 1D with qubits

maooss  Specific | D Systems

l gh;t about quantum spin system)

Hard (QMA-complete)
Hard (QMA-complete)
Hard (QMA-complete)

Hard (QMA-complete)

?

Easy (P)

——#Eﬂ:
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Hard vs. Easy Quantum Spin Systems
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Hard vs. Easy Quantum Spin Systems

5-Local Hamiltonians
</ 2-Local Hamiltonians
I:I Hamiltonians in 2D

o—e—e Hamiltonians in ID

{ *—*—* Hamiltonians in |D with qubits
—

oo o Iranslationally-Invariant Ham.

PN

o—eo—e Irans. & Reflection-Inv. Ham.

maoos:  Specific | D Systems

! gh;t about quantum spin syst@

Hard (QMA-complete)
Hard (QMA-complete)
Hard (QMA-complete)
Hard (QMA-complete)

4

Hard (QMAexp-complete)
Hard (QMAexp-complete)
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And QMAgxe? >
Again, like QMA, but with an
exponential checking circuit.

You said we can only measure the
hardness of classes of Hamiltonians,
but with translationally-invariant
amiltonians, the only input is n.

You're right! Now we can talk about the
complexity of individual Hamiltonian terms!
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Summary and Open Questions

* Even Hamiltonians in |D with an enormous
amount of symmetry -- translational and reflection
invariance -- can give spin glasses.

® Such Hamiltonians have no quenched disorder.
Instead, the disorder is “self-induced” or emergent.
* We can prove these Hamiltonians are
computationally hard problems (given some basic
complexity-theoretic assumptions).

* What are the simplest Hamiltonian systems
that are computationally hard? Existing
examples use large values of spin.
* More generally, which Hamiltonians are easy
and which are hard?
* What precision do we require in the energy?
* Can we constrain the spectral gap or other

risa 10groperties of the Hamiltonian? Page 300/303




Which Spin Systems are Hard?

So which Hamiltonians are hard
and which are easy’

at’s the wrong question. A
single Hamiltonian either has
a low ground state energy or
it doesn’t. You have to ask
about a class of Hamiltonians
so that | can study the
scaling of difficulty with the
umber of particles.
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Hardness of Classical Spin Systems

l ﬂemt&d in translation-invariant @ ;
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Classical 2-Local Hamiltonian

E 2-Local Ham. in 2D (Tiling)
i g Translationally-Invariant Tiling

2-Local Ham.in ID

-

2-Satisfiability (w/ bits)
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NEXP vs. NP

NEXP? What's thaD
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difficulty is probably exp(n).
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