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Outline

Classical (thermal) fluctuations
versus

Quantum fluctuations (tunneling)

e Computational studies of
model systems (spin glasses)

® Relevance for adiabatic
quantum computing

e Monte Carlo simulations and simulated annealing
e Quantum annealing for quantum computing

e Classical and quantum spin glasses

e Dynamical critical scaling
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- Monte Carlo Simulations
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Example:

Particles with
hard and soft
cores (2 dim)
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What happens when tl e -g___pérature is lowered ?
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Transition into liquid state has taken place

Slow movement & growth of droplets
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~ Simulated Annealing

e Al et 2 ottt s bt e et e

Annealing: Removal of T= 099
crystal defects by heating »
followed by slow cooling

Simulated Annealing:

MC simulation with

slowly decreasing T

- Can help to reach
equilibrium faster

Optimization method:
express optimization of
many parameters as
minimization of a

cost function, treat as
energy in MC simulation

Similar scheme in
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Quantum Annealing

Reduce quantum fluctuations as a function of time
- start with a simple quantum Hamiltonian (s=0)
- end with a complicated classical potential (s=1)

H(S) — SHclassical + (1 — S)Hquantum
s=s(t) =vt, v=1/tmax
P — V(ZB) Hquantum =

Adiabatic Theorem:

If the velocity v is small enough

the system stays in the ground state
of H[s(t)] at all times

At t=tmax we then know the minimum of V(x): \IJ(:E) = 5(x = xo)

Can quantum annealing be more efficient than thermal annealing?
Ray, Chakrabarty,Chakrabarty (PRB 1989), Kadowaki, Nishimory (PRE 1998),...

Useful parad tum computing?
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Quantum Annealing & Quantum Computmg |

D-wave “quantum annealer”; 5 I 2 qux q blts

- Claimed to solve some hard optimization problems
- Is it really doing quantum annealing?

- Is quantum annealing really better
than simulated annealing TI ME
(on a classical computer)’

IT PROMISES TO SOLVE SOME OF HUMANITY'S

MOST COMPLEX PROBLEMS, IT’S BACKED
BY JEFF BEZOS, NASA AND THE CIA.
EACH ONE COSTS $10,000,000 AND OPERATES
AT 459° BELOW ZERO. AND NOBODY KNOWS
HOW IT ACTUALLY WORKS
B
THE INFINITY MACHINE

Hamiltonian implemented in D-wave quantum annealer....
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Spin Glasses

et e <.

Ising models with frustrated interactions

N N
}J:::jrjj;:bhjafaﬁ, o; € {—1,+1}

i=1 j=1 J12=-1
Hard to find ground states if the interactions

are highly frustrated (spin glass phase)
- many states with same or almost same energy

Jar=-1

Many (almost all) optimization problems can be
mapped onto some general model
- hard problems correspond to spin glass physics

Quantum fluctuations (quantum spin glasses)
- add transversal field Ising (H @ H + Hguantum)

N N
Hquantum e —hZO’éB = _hZ(O_;I_ < O-z_)
r=— = |

Nature of ground staté“So_ i?i'.‘depends on h and {J;}
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~ Quantum Phase Transition

T TTrI————

There must be a quantum phase transition in the system
H(S) — SHclaSSical + (1 — S)Hquantum
Ground state changes qualitatively as s changes
- trivial (easy to prepare) for s=0
- complex (solution of hard optimization problem) at s=I
— expect a quantum phase transition at some s=s.
Simple example: I D transverse-field Ising ferromagnet

N N
h=—s3 ofoi, —(1-9Y 0F (N o)
=l ==l

- trivial x-oriented ferromagnet at s=0 (2 ——)
- z-oriented (1 T Tor 111, symmetry broken) at s=1
- sc=1/2 (exact solution, mapping to free fermions)

Have to pass through sc and beyond adiabatically
- how long does it take? s = s(t) = vt, v =1/tyax

Let’s look at a si r6blem first...
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Landau-Zener Problem

Single spin in magnetic field, with mixing term
H=—ho?—eco” = —ho* —e(locT +07)
Eigen energies are

1.0 o ]

= \/h2 + €2
Smallest gap: A=2¢ 0.5
Time-evolution: '
K 0.0

h(t) = —hg + vt
To stay adiabatic 0.5

when crossing h=0,

the velocity must be -1.0
e ime -\ )

Suggests the smallest gap is important in general
- but states above the gap play role in many-body system

_t'um phase transition?
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T TTr————

Dynamlc exponent Z at a phase transition
- relates time and length scales
At a continuous transition (classical or quantum):

- large (divergent) correlation length
—v z —Vvz O = distance from critical
™~ |6‘ St - f - |5‘ point (in T or other param)

Continuous quantum phase transition
- excitation gap at the transition

depends on the system size and z as
1 1

(a)

order parameter

A (T e : N P Ld
Lz = Nerar ¢ ) r
Exponentially small gap at a first-order
(discontinuous) transition i
A A G_aL § :
Important issue for quantum annealing! Tci[gcl i

P. Young et al. (PRL 2008)

Exactly how does z enter in the adiabatic criterion?
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The adlabatlc crlterlon for passing through a contmuous
phase transition involves more than z

Must have v < vkz, with Kibble 1978

VKy ~ [~ (z+1/v) - defects in early universe
) ] ] Zurek 1981
Same criterion for classical - classical phase transitions
and quantum phase transitions | Polkovnikov 2005
- adiabatic (quantum) - quantum phase transitions

- quasi-static (classical)

Generalized finite-size scaling hypothesis
A(8,v,L) = L=/ g(6 LY , v L7T1/¥)

Ald o N) =N "" g(6N'¥ yNZTY¥). ' =dp o=l

Will use for spm glasses of interest in quantum computing

g und__ ARVED e n SYStem first...
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Repeat many times, collect averages, analyze,....
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Repeat process many tlmes, average data for T Tc

- _ 1T —208/v z+1/v
(m*(6 = 0,0, L)) = L72" f(uL*"/") Used known 2D
N o e Ising exponents
10 E e e-o [ =]28 =
10°F \‘\‘ 3 - B= [ /8, v=I|
I o-o] =]2 E \.0\\\ E ] .
107 ¢ eL=24 Z "*‘\*;. 1~ Adjusted z for
X ; :::L i Zj | TR RTIT TR RTTT B ; optimal scaling
= I L= 10 10
< L, eeL=9 ] collapse
oA 107F o-ep =128
v f HL:% : Result: z =2.17
B Q—-.L: 5 h ® °
10°E e L =500 . - consistent with
FooeL=1024 . : values obtained
| — polynomial fit %ee | X
Lotk = power-taw i . - in other ways
T T IO Liu, Polkovnikov,
10 10 o 10 10 Sandvik, PRB 2014
T Al

Can we do somethinglﬁl"':ik for quantum models?
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Schrodmger' dynamlc at imaginary tlme t=-|T

V(7)) =

= U(7,70)[¥(70))

Time evolution operator

U(r, 1)

=T exp

- / dr'H[s(7')]

Dynamical exponent z same as in real time!

(DeGrandi, Polkovnikov, Sandvik, PRB201 1)
¢ Can be implemented in quantum Monte Carlo

S [ [ [ ) Oy

Simpler scheme: evolve with just a H-product
(Liu, Polkovnikov, Sandvik, PRB201 3)

W (sn))
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QMC Algorlthm Illlustration

e it i st i AT S

Transverse fleld Ising model: 2 types of operators'
Hi(i)=—(1—38)(o] +0;) Represented as “vertices”
2 XL & s XL 4
Hy(i,j) = —s(of0? + 1) ele o1 10 [l

MC sampling of networks of vertices

HIQ ojle QIHIO eojle N —4
o—90"090 I O Bl O I o—O
ojeo . Bl QIQ—OIQ—OIQ—C o—O
O ojeo ojleo Bl eojeo O

P 02 45 6 717 6.5 4.3 3.1
(U(0)|H(s1)---H(s7)|H(s7)---H(s1)|¥(0))

Similar to ground-state pro;ector' QMC

M =7

How to define (|m arv : ¥ _e in this method?
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The parameter in H changes as

. SM I
S; = 10g, Ay = 53

Time unit is <1 /N, velocity is
vox NA, ’

v
e

v

=

Def reproduces v-dependence in Ceescescooesescecoos
imag-time Schrodinger dynamics ©000080000000000000s
to order v (enough for scaling)
To this order we can use coocoeceseceeneenoece
‘“asymmetric” expectation values Sseecocecoassasnenae
Bt bty : Cececoscccoecoecenas
(=0 O DD (] ) s p T T (spo] [ (it @)y oo neonsncees
==/l 1=l el 5 ® 0000 ®0 e e 80 ® e 00O0e e 0 e

'L:M Z:E Z:1 O @& ¢ O O O O O O @ @ O @ © O @ @ @ O O

All s in one simulation! cocesecocesccooeceos

Collect data, do s ng analysis...
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A(S,v,L) = L™V g(§LY" , v L7 T1/V)

If z, v known, s hot: use U(s, L,v) = U((s B Sc)Ll/u,,ULz+1/u)

v LYY — constant ror - | —

09

for | -parameter scaling 0.8

Example: Binder cumulant

4 =)

=20 20yl
20 3(mg)° |
Should have step from 02
U=0 to U=1] at s, ‘
- crossing points for
finite system size >

0.6

0.0

Do similar studies for quantum spin glasses
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3-regular graphs

Ising spin glass with coordination-number 3
- N spins, randomly connected to each other
- all antiferromagnetic couplings

- frustration because of closed odd-length loops ~—

pEG=a)(

The quantum model was studied by
Farhi, Gosset, Hen, Sandvik, Shor, Young, Zamponi, PRA 2012

® sc = 0.37 from quantum cavity approximation

e QMC consistent with this s, power-law gaps at s

More detailed stud ::U"c’|'Uantum annealing...
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- Spin-Glass order Parameter

T

Spin glasses are massively-degenerate
- many “frozen” states

- replica symmetry breaking (going into one state)

Cannot use a standard order parameter such as <m?2>
- hor any Fourier mode

- since no periodic ordering pattern

Edwards-Anderson order parameter

=]l

(1) and (2) are from independent simulations (replicas)
- with same random interactions

- |q| large if the two replicas are in similar states

<q?> > 0 for N = x in spin-glass phase (disorder average)

,,,,,,,,,
Py S aeald )

ﬁ?‘c’ilivelocity scaling

Tuesday, March 10, 15
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tracting Quantum-glass transit

T TTTTTE— .

Using Binder cumulant
U(s,v,N)=Ul|(s — s )NV oN*+T1/V]

a=17/12
But now we don’t know — - |/ |
the exponents. Use 0355_} -------------- |
_ | TR
vox N™% a>2 +1/V : y
- do several 03201 I A I Y /17 E\E |
- check for consistency = - 192 ) N
:u 0.345+ o3k B ?;g /| N |
Best result for x=17/12 N :
0.2 — 448 — N
sc = 0.3565 +/- 0.0012 30 Tl : B
Consistent with previous (335f w=—=1 L -
work, but smaller errors S R S SR
0.000  0.001  0.002  0.003  0.004

1I/N

Next, critical exponents...
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Study evolutlo.n to s Sc g/ /1y
- several system sizes N <C]2(5c)> x N~20/ f(oN? 1/ )

- several velocities 0 L

2B/v¢ =~ 0.86 -

z22+1/v’ = 1.3 0.8
These values differ
from the values %Z °
expected for d=oo: A )

N@ 05_ ®

2B/v¢ = | v .

z22+1/VvV’ = 3/4 -
Reason unclear. . |
Fully-connected Os5p 0T
model gives same 10" 10’ 10 10° 10° 10°
exponents as 3-regular y NO TN

Do the exponehf ‘:a.ny signhificance?
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The tlme needed to stay adiabatic up to Sc scales as
t~ N2 TYvo o 241/~ 1.31
Reaching s, the degree of ordering scales as

V< (g% >~ NPV B

~ 0.43

Let’s compare with the know classical exponents

(finite-temperature transition of 3-regular random graphs)

Classical Quantum
B/vE=1/3 B/v¢ =~ 0.43 !
2+1/v’ = | 22+1/v’ = 1.3 olass phase

¢ |t takes longer for quantum

annealing to reach its critical point

e And the state is further from ordered ® %

¢

(further from the optimal solution) h

Proposal: Do velocity s a
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