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Digital computers came later but ultimately won

Pascaline (1640)

Babbage’s Difference Engine  
(proposed 1822)

ENIAC (1946)

No calibration problems 
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(2013) 
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Quantum annealer

solve hard optimization problems?

Quantum computers?

Q

solve quantum models (R. Feynman) 

factor integers (P. Shor) 

break RSA encryption 

...
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Quantum simulators
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Thirteen years ago, when researchers sequenced just a few snippets 
of mitochondrial DNA from a Neandertal, the breakthrough made 
headlines worldwide. This year, researchers published a draft of the 
Neandertal nuclear genome—and their fi rst analysis of what these 
3 billion bases of DNA reveal about the evolution of these extinct 
humans and us.

Using new methods to sequence degraded fragments of ancient 
DNA (see “Insights of the Decade,” p. 1616), researchers spliced 
together a composite sequence from three female Neandertals who 
lived in Croatia 38,000 to 44,000 years ago, to reconstruct about 
two-thirds of the entire Neandertal genome. For the fi rst time, sci-
entists could compare in detail the genomes of Neandertals and of 
modern humans.

Reading this sequence, the researchers concluded that modern 
Europeans and Asians—but not Africans—have inherited between 
1% and 4% of their genes from Neandertals. Apparently, Neandertals 
interbred with modern humans after they left Africa at least 80,000 
years ago but before they spread into Europe and Asia. If correct, 
this stunning discovery challenges a model that says that as modern 
humans swept out of Africa, they completely replaced archaic humans 
such as Neandertals without interbreeding.

The Neandertal genome also gives researchers a powerful new 
tool to fi sh for genes that have evolved recently in humans, since they 
split from Neandertals. The catalog includes 78 differences in genes 
that encode proteins that are important for wound healing, the beat-
ing of sperm fl agella, and gene transcription. Several encode proteins 
expressed in the skin, sweat glands, and inner sheaths of hair roots, 
as well as skin pigmentation—all differences that refl ect adaptations 
to new climates and environments as modern humans spread around 
the globe.

The researchers have also identifi ed 15 regions of interest that differ 
between humans and Neandertals, including genes that are important 
in cognitive and skeletal development. When mutated in humans, some 
of these genes contribute to diseases such as schizophrenia, Down syn-
drome, and autism, or to skeletal abnormalities such as misshapen 
clavicles and a bell-shaped rib cage.

As researchers close in on the few genes that separate us from 
Neandertals, they are also trying to decipher how differences in genetic 
code alter proteins produced in the lab. This year, scientists inserted 11 
pairs of single peptides into eukaryote cells to test for differences in 
gene expression. With luck, they may pinpoint some of the genes that 
equipped us to survive while Neandertals went extinct.

In the DNA. Some living humans 

may have Neandertal ancestors.

Reading the 
Neandertal Genome

A technical tour de force grabbed headlines around the world for 
synthetic biology this year. In what was hailed as a defi ning moment 
for biology and for biotechnology, researchers at the J. Craig Venter 
Institute (JCVI) in Rockville, Maryland, and San Diego, California, 
built a synthetic genome and inserted it into a bacterium in place of 
the organism’s original DNA. The new genome caused the bacte-
rium to produce a new set of proteins.

The synthetic genome was an almost identical copy of a natural 
genome, but ultimately, researchers envision synthetic genomes cus-
tom-designed to produce biofuels, pharmaceuticals, or other useful 
chemicals. Also this year, researchers at Harvard University improved 
their high-throughput method of modifying existing genomes for 
such purposes, and other synthetic biologists showed that RNA-
based “switches” can get cells to behave differently in response to 
certain signals.

J. Craig Venter and 
his team built its $40 
million genome from 
smaller pieces of store-
bought DNA. First they 
stitched the synthetic 
DNA together in stages 
in yeast; then they trans-
planted it into a bacte-
rium, where it replaced 
the native genome.

Although not truly 
“artifi cial life,” as some 
media declared, this 
success prompted a con-
gressional hearing and a 
review by a presidential 
commission on the eth-
ics of synthetic biology.

It’s far from the 
only synthetic biology 
game in town, however. 
In 2009, Harvard’s George Church introduced a technique called 
multiplex genome engineering, which adds multiple strands of 
DNA to bacteria every couple of hours, rapidly generating geneti-
cally engineered organisms with extensively revamped genomes. 
This year, his team came up with a cheaper way to produce the 
DNA strands used to modify the genome, in hopes of making this 
approach cost-effective for industrial use.

Teams led by Caltech’s Niles Pierce, Stanford University’s 
Christina Smolke, and Boston University’s James Collins have 
come up with ways to change a cell’s behavior by modifying its reg-
ulatory pathways. In some cases, they add specially designed RNA 
molecules that can sense molecules in the cell associated with, say, 
cancer or infl ammation. Once that happens, they cause the cell to 
produce a protein that may sensitize the cell to drugs or cause it to 
undergo programmed cell death. Another team made a riboswitch 
that caused bacteria to seek out and destroy the herbicide atrazine. 
Such devices are much closer than synthetic and modifi ed genomes 
to having practical applications.

Build Your Own Genome

THE RUNNERS-UP >>  

Life recreated. Scanning electron microscope 

image of bacteria with synthetic genomes.

Published by AAAS
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Thirteen years ago, when researchers sequenced just a few snippets 
of mitochondrial DNA from a Neandertal, the breakthrough made 
headlines worldwide. This year, researchers published a draft of the 
Neandertal nuclear genome—and their fi rst analysis of what these 
3 billion bases of DNA reveal about the evolution of these extinct 
humans and us.

Using new methods to sequence degraded fragments of ancient 
DNA (see “Insights of the Decade,” p. 1616), researchers spliced 
together a composite sequence from three female Neandertals who 
lived in Croatia 38,000 to 44,000 years ago, to reconstruct about 
two-thirds of the entire Neandertal genome. For the fi rst time, sci-
entists could compare in detail the genomes of Neandertals and of 
modern humans.

Reading this sequence, the researchers concluded that modern 
Europeans and Asians—but not Africans—have inherited between 
1% and 4% of their genes from Neandertals. Apparently, Neandertals 
interbred with modern humans after they left Africa at least 80,000 
years ago but before they spread into Europe and Asia. If correct, 
this stunning discovery challenges a model that says that as modern 
humans swept out of Africa, they completely replaced archaic humans 
such as Neandertals without interbreeding.

The Neandertal genome also gives researchers a powerful new 
tool to fi sh for genes that have evolved recently in humans, since they 
split from Neandertals. The catalog includes 78 differences in genes 
that encode proteins that are important for wound healing, the beat-
ing of sperm fl agella, and gene transcription. Several encode proteins 
expressed in the skin, sweat glands, and inner sheaths of hair roots, 
as well as skin pigmentation—all differences that refl ect adaptations 
to new climates and environments as modern humans spread around 
the globe.

The researchers have also identifi ed 15 regions of interest that differ 
between humans and Neandertals, including genes that are important 
in cognitive and skeletal development. When mutated in humans, some 
of these genes contribute to diseases such as schizophrenia, Down syn-
drome, and autism, or to skeletal abnormalities such as misshapen 
clavicles and a bell-shaped rib cage.

As researchers close in on the few genes that separate us from 
Neandertals, they are also trying to decipher how differences in genetic 
code alter proteins produced in the lab. This year, scientists inserted 11 
pairs of single peptides into eukaryote cells to test for differences in 
gene expression. With luck, they may pinpoint some of the genes that 
equipped us to survive while Neandertals went extinct.

In the DNA. Some living humans 

may have Neandertal ancestors.

Reading the 
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A technical tour de force grabbed headlines around the world for 
synthetic biology this year. In what was hailed as a defi ning moment 
for biology and for biotechnology, researchers at the J. Craig Venter 
Institute (JCVI) in Rockville, Maryland, and San Diego, California, 
built a synthetic genome and inserted it into a bacterium in place of 
the organism’s original DNA. The new genome caused the bacte-
rium to produce a new set of proteins.

The synthetic genome was an almost identical copy of a natural 
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tom-designed to produce biofuels, pharmaceuticals, or other useful 
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their high-throughput method of modifying existing genomes for 
such purposes, and other synthetic biologists showed that RNA-
based “switches” can get cells to behave differently in response to 
certain signals.

J. Craig Venter and 
his team built its $40 
million genome from 
smaller pieces of store-
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stitched the synthetic 
DNA together in stages 
in yeast; then they trans-
planted it into a bacte-
rium, where it replaced 
the native genome.

Although not truly 
“artifi cial life,” as some 
media declared, this 
success prompted a con-
gressional hearing and a 
review by a presidential 
commission on the eth-
ics of synthetic biology.

It’s far from the 
only synthetic biology 
game in town, however. 
In 2009, Harvard’s George Church introduced a technique called 
multiplex genome engineering, which adds multiple strands of 
DNA to bacteria every couple of hours, rapidly generating geneti-
cally engineered organisms with extensively revamped genomes. 
This year, his team came up with a cheaper way to produce the 
DNA strands used to modify the genome, in hopes of making this 
approach cost-effective for industrial use.

Teams led by Caltech’s Niles Pierce, Stanford University’s 
Christina Smolke, and Boston University’s James Collins have 
come up with ways to change a cell’s behavior by modifying its reg-
ulatory pathways. In some cases, they add specially designed RNA 
molecules that can sense molecules in the cell associated with, say, 
cancer or infl ammation. Once that happens, they cause the cell to 
produce a protein that may sensitize the cell to drugs or cause it to 
undergo programmed cell death. Another team made a riboswitch 
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Thirteen years ago, when researchers sequenced just a few snippets 
of mitochondrial DNA from a Neandertal, the breakthrough made 
headlines worldwide. This year, researchers published a draft of the 
Neandertal nuclear genome—and their fi rst analysis of what these 
3 billion bases of DNA reveal about the evolution of these extinct 
humans and us.

Using new methods to sequence degraded fragments of ancient 
DNA (see “Insights of the Decade,” p. 1616), researchers spliced 
together a composite sequence from three female Neandertals who 
lived in Croatia 38,000 to 44,000 years ago, to reconstruct about 
two-thirds of the entire Neandertal genome. For the fi rst time, sci-
entists could compare in detail the genomes of Neandertals and of 
modern humans.

Reading this sequence, the researchers concluded that modern 
Europeans and Asians—but not Africans—have inherited between 
1% and 4% of their genes from Neandertals. Apparently, Neandertals 
interbred with modern humans after they left Africa at least 80,000 
years ago but before they spread into Europe and Asia. If correct, 
this stunning discovery challenges a model that says that as modern 
humans swept out of Africa, they completely replaced archaic humans 
such as Neandertals without interbreeding.

The Neandertal genome also gives researchers a powerful new 
tool to fi sh for genes that have evolved recently in humans, since they 
split from Neandertals. The catalog includes 78 differences in genes 
that encode proteins that are important for wound healing, the beat-
ing of sperm fl agella, and gene transcription. Several encode proteins 
expressed in the skin, sweat glands, and inner sheaths of hair roots, 
as well as skin pigmentation—all differences that refl ect adaptations 
to new climates and environments as modern humans spread around 
the globe.

The researchers have also identifi ed 15 regions of interest that differ 
between humans and Neandertals, including genes that are important 
in cognitive and skeletal development. When mutated in humans, some 
of these genes contribute to diseases such as schizophrenia, Down syn-
drome, and autism, or to skeletal abnormalities such as misshapen 
clavicles and a bell-shaped rib cage.

As researchers close in on the few genes that separate us from 
Neandertals, they are also trying to decipher how differences in genetic 
code alter proteins produced in the lab. This year, scientists inserted 11 
pairs of single peptides into eukaryote cells to test for differences in 
gene expression. With luck, they may pinpoint some of the genes that 
equipped us to survive while Neandertals went extinct.

In the DNA. Some living humans 

may have Neandertal ancestors.
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Neandertal Genome

A technical tour de force grabbed headlines around the world for 
synthetic biology this year. In what was hailed as a defi ning moment 
for biology and for biotechnology, researchers at the J. Craig Venter 
Institute (JCVI) in Rockville, Maryland, and San Diego, California, 
built a synthetic genome and inserted it into a bacterium in place of 
the organism’s original DNA. The new genome caused the bacte-
rium to produce a new set of proteins.

The synthetic genome was an almost identical copy of a natural 
genome, but ultimately, researchers envision synthetic genomes cus-
tom-designed to produce biofuels, pharmaceuticals, or other useful 
chemicals. Also this year, researchers at Harvard University improved 
their high-throughput method of modifying existing genomes for 
such purposes, and other synthetic biologists showed that RNA-
based “switches” can get cells to behave differently in response to 
certain signals.

J. Craig Venter and 
his team built its $40 
million genome from 
smaller pieces of store-
bought DNA. First they 
stitched the synthetic 
DNA together in stages 
in yeast; then they trans-
planted it into a bacte-
rium, where it replaced 
the native genome.

Although not truly 
“artifi cial life,” as some 
media declared, this 
success prompted a con-
gressional hearing and a 
review by a presidential 
commission on the eth-
ics of synthetic biology.

It’s far from the 
only synthetic biology 
game in town, however. 
In 2009, Harvard’s George Church introduced a technique called 
multiplex genome engineering, which adds multiple strands of 
DNA to bacteria every couple of hours, rapidly generating geneti-
cally engineered organisms with extensively revamped genomes. 
This year, his team came up with a cheaper way to produce the 
DNA strands used to modify the genome, in hopes of making this 
approach cost-effective for industrial use.

Teams led by Caltech’s Niles Pierce, Stanford University’s 
Christina Smolke, and Boston University’s James Collins have 
come up with ways to change a cell’s behavior by modifying its reg-
ulatory pathways. In some cases, they add specially designed RNA 
molecules that can sense molecules in the cell associated with, say, 
cancer or infl ammation. Once that happens, they cause the cell to 
produce a protein that may sensitize the cell to drugs or cause it to 
undergo programmed cell death. Another team made a riboswitch 
that caused bacteria to seek out and destroy the herbicide atrazine. 
Such devices are much closer than synthetic and modifi ed genomes 
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Scientists who study rare genetic disorders 
hit on a powerful strategy for fi nding the cul-
prit DNA this year. Using cheap sequencing 
techniques and a shortcut—sequencing just 
the 1% of the genome that tells cells how to 
build proteins—they cracked several dis-
eases that had eluded researchers until now.

The old way to track down the cause of 
Mendelian disorders, or diseases caused by 
a mutation in a single gene, was to study 
DNA inheritance patterns in families. That 
approach doesn’t work when few relatives 
with the disease can be found or when a 

mutation isn’t inherited but instead crops up 
spontaneously.

In late 2009, geneticists began sequenc-
ing just the exons, or protein-coding DNA, 
of patients with Mendelian disorders. (A 
few teams sequenced the patients’ entire 
genome.) This “exome” sequencing yielded 
a long list of mutations that the scientists then 
winnowed, for example, by ignoring those 
that don’t change protein structure or that 
many people carry. The end result: the faulty 
DNA underlying at least a dozen mystery 
diseases—including genes that lead to severe 
brain malformations, very low cholesterol 
levels, and facial deformities that look like a 
made-up Japanese Kabuki performer.

Finding the gene behind a rare disease 
can lead to better diagnosis and treatments 
and to new insights into human biology. 
Scientists hope to use exome sequencing 
to tick off the causes of more than half of 
some 7000 known or suspected Mende-
lian diseases that still don’t have a genetic 
explanation.

Genomics researchers savored the fruits 
of massively parallel sequencing in 2010. 
Cheaper, faster “next generation” machines 
have taken hold over the past 5 years; this 
year they yielded important results from 
several large projects.

One ambitious effort, the 1000 Genomes 
Project, seeks to f ind all single-base 
differences—or single-nucleotide polymor-
phisms (SNPs)—present in at least 1% of 
humans. It completed three pilot studies this 
year, which together identifi ed 15 million 
SNPs—including 8.5 million novel ones. 
The information will help scientists track 
down mutations that cause diseases.

Researchers also fi nished cataloging all 
the functional elements in the genomes of 
the fruit fl y Drosophila melanogaster and 
the nematode Caenorhabditis elegans; the 
results are expected to be published by year’s 
end. In human DNA, the complete genome 
sequences of two Africans from hunter-
gatherer tribes, the oldest known lineages 
of modern humans, confirmed the exten-
sive genetic diversity within those groups. 
Researchers also produced a draft of the 
Neandertal genome (see p. 1605) and deci-
phered the genome from 4000-year-old hair 
preserved in Greenland’s permafrost.

The cornucopia of results also included 
surveys of all the transcribed DNA—the 
so-called transcriptome—and of protein-
DNA interactions, as well as assessments 
of gene expression and the identifi cation of 
rare disease genes.

Next-Generation 

Genomics

Homing In on 

Errant Genes

Changing a cell’s fate by adding extra cop-
ies of a few genes has become routine in 
labs around the world. The technique, 
known as cellular reprogramming, allows 
scientists to turn back a cell’s develop-
mental clock, making adult cells behave 
like embryonic stem cells (see “Insights 
of the Decade,” p. 1612). The resulting 
induced pluripotent stem cells (iPSCs) 
are helping scientists to study a variety of 
diseases and may someday help to treat 
patients by supplying them with genetically 
matched replacement cells. 

This year, scientists found a way to make 
reprogramming even easier using syn-

thetic RNA molecules. The synthetic RNAs 
are designed to elude the cell’s antiviral 
defenses, which usually attack foreign RNA. 
The technique is twice as fast and 100 times 
as efficient as standard techniques. And 
because the RNA quickly breaks down, the 
reprogrammed cells are genetically identical 
to the source cells, making them potentially 
safer for use in therapies.

Early evidence suggests that the RNA 
approach reprograms the cell more thor-
oughly than other methods do, yielding a 
closer match to embryonic stem cells. The 
method can also prompt cells to become 
nonembryonic cell types. By inserting syn-
thetic RNA into a cell that codes for a key 
gene in muscle tissue, for example, the 
researchers could turn both fi broblasts and 
iPSCs into muscle cells. 

Souped-Up Cellular 

Reprogramming

Like a student who sneaks a calculator into 
a test, physicists have found a quick way to 
solve tough mathematical problems. This 
year, they showed that quantum simulators—
typically, simulated crystals in which spots of 
laser light play the role of the crystal’s ions and 
atoms trapped in the spots of light play the role 
of electrons—can quickly solve problems in 
condensed-matter physics.

Physicists usually invent theoretical mod-

els to explain experi-
ments. They might 
approximate a mag-
netic crystal as a 
three-dimensional 
array of points with 
electrons on the 
points interacting through their magnetic 
fi elds. Theorists can jot down a mathematical 
function called a Hamiltonian encoding such 
an idealization. But “solving” a Hamiltonian 
to reveal how a system behaves—for example, 
under what conditions the electrons align to 
magnetize the crystal—can be daunting.

Quantum Simulators 

Pass First Key Test

C
R

E
D

IT
S

 (
T

O
P

 T
O

 B
O

T
T

O
M

):
 S

T
E

V
E

N
 E

V
A

N
S

/W
IK

IP
E

D
IA

; 
M

U
R

A
T

 G
U

N
E

L
; 
W

. 
S

. 
B

A
K

R
 E

T
 A

L
.,

 S
C

IE
N

C
E

 3
2

9
, 
5

4
7

 (
3

0
 J

U
LY

 2
0

1
0

) 

Published by AAAS

 o
n 

Ja
nu

ar
y 

13
, 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



||Matthias Troyer

▪ The N-body Schrödinger equation 

▪ Describes (almost) everything we encounter in daily life with a very simple 
Hamilton operator

7
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▪ The N-body Schrödinger equation 

▪ Describes (almost) everything we encounter in daily life with a very simple 
Hamilton operator

▪ It is a simple linear partial differential equation

▪ But since it lives in 3N dimensions it is exponentially hard to solve!
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▪ Reduces the N-body problem to a tractable 1-body problem 

▪ Successful in calculating properties  
many metals, insulators, semiconductors 

▪ 1998 Nobel prize in chemistry

8

Density functional theory and quantum chemistry

J.R.Chelikowsky and M.L.Cohen, PRB (1974)
Walter Kohn John A. Pople

Example:  
band structure of silicon

E0 = minρ (!r )
F[ρ]+ d 3!rV (!r )ρ(!r )∫( )
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▪ Reduces the N-body problem to a tractable 1-body problem 

▪ Successful in calculating properties  
many metals, insulators, semiconductors 

▪ 1998 Nobel prize in chemistry

8

Density functional theory and quantum chemistry

J.R.Chelikowsky and M.L.Cohen, PRB (1974)
Walter Kohn John A. Pople

Example:  
band structure of silicon

band gap

E0 = minρ (!r )
F[ρ]+ d 3!rV (!r )ρ(!r )∫( )
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§ Undoped materials: 
§ half-filled band and metal according to DFT 
§ but antiferromagnetic insulator in experiment! 
§ Density functional theory calculations break 

down!
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§ Undoped materials: 
§ half-filled band and metal according to DFT 
§ but antiferromagnetic insulator in experiment! 
§ Density functional theory calculations break 

down!

§ Doped materials:  
high-temperature superconductors 

§ What causes superconductivity  
in these materials?  

§ Can we design room temperature  
superconductors? 

9

Cuprate high temperature superconductors

 Band structure of La2CuO4

Fermi level
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Effective models
Simplify to an effective model capturing the relevant physics 

10
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Effective models
Simplify to an effective model capturing the relevant physics 

10

3D crystal structure

single 2D layer

simplified effective model
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The Hubbard model

A simple model for the conduction band of the copper atoms

11
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The Hubbard model

A simple model for the conduction band of the copper atoms

11

H = �t
�

⇤i,j⌅,�

(c†i,�cj,� + c†j,�ci,�) + U
�

i

ni,�ni,⇥

U

t

§ t hopping of an electron to nearest neighbors
§ U repulsion between two electrons on the same site

But even this model is exponentially hard to solve! 

Follow Feynman’s suggestion: 
use a quantum device to solve a quantum problems 
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▪ Special-purpose analog devices

12

Ultracold atoms quantum simulators 

106 atoms at densities below 1014 cm-3  

Temperatures around 10-9 K
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1997 Nobel Prize in Physics
   Steven Chu,Claude Cohen-Tannoudji and William D.Phillips 

for the development of methods  
to cool and trap atoms with laser right.

13
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2001 Nobel Prize in Physics
   Carl Wieman , Eric Cornell and Wolfgang Ketterle  

share 2001 Nobel Prize for the achievement of BEC in dilute gases 
of alkali atoms and for the early fundamental studies of the 

properties of the condensates .

14
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Measuring the momentum distribution

Movie credit: I. Bloch
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Measuring the momentum distribution
release the atoms: faster atoms fly farther

Movie credit: I. Bloch
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Measuring the momentum distribution

take a picture that reflects the momentum distribution
release the atoms: faster atoms fly farther

Movie credit: I. Bloch
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▪ At close to zero temperatures, a macroscopic fraction of all atoms in 
a Bose gas occupy the same quantum state 

▪ A diverging occupation of the zero momentum state

16

Bose-Einstein condensation in cold atomic gases

Momentum distribution function
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A quantum device to solve the Hubbard model

§ Adiabatically load an atomic quantum gas  
into an optical lattice  

§ Tunable and controlled: laser amplitude determines U and t 
§ Flexible: fermionic, bosonic atoms, or mixtures

17

U

t
Image credit:  

T. Esslinger (2010)

The first term contains the kinetic energy and is proportional to the tunneling matrix

element t between adjacent lattice sites, and <i,j> denotes neighboring pairs. The opera-

tors ĉ{i,s and ĉi,s are the fermionic creation and annihilation operators for a particle in the

spin state s (up or down) at lattice sites i and j. The occupation number of the site i is given
by n̂i,s. The second term describes the interaction energy in the system and is determined by

the on-site interactionU. The last term takes account of the additional confinement Vtrap of

the atom trap, which is usually harmonic. The corresponding energy offset of the lattice

site with index i is given by ei.
Experimentally, the tunnel coupling is controlled by the intensity of the standing laser

waves. This allows for a variation of the dimensionality of the system and it enables tuning

Laser beam

Ultracold gas

Optical lattice

1/2 λ

Figure 1

Three-dimensional optical lattice. An ultracold gas of atoms is trapped in the overlap region of three
pairs of counter-propagating laser beams. Each pair produces a standing laser wave in which the atoms
experience a periodic potential. All three pairs generate a three-dimensional simple cubic lattice
structure, with the separation between adjacent lattice sites being half of the laser wavelength l. In
addition, the Gaussian beam profile gives rise to a force pointing toward the beam center, where the
atoms are harmonically confined. The typical number of trapped atoms in current experiments is
between 104 and 106. The periodicity of the optical lattice results in a band structure for the trapped
atoms. The physics of an interacting quantum gas in the optical lattice can often be described by a
Hubbard model.

www.annualreviews.org ! Fermi-Hubbard Physics 133
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§ Approximation-free simulations with highly efficient algorithms 
§ 500,000 atoms on 10 million lattice sites 
§ one data point takes just a few hours on a PC

18

Validation by Quantum Monte Carlo simulations



||Matthias Troyer

§ Approximation-free simulations with highly efficient algorithms 
§ 500,000 atoms on 10 million lattice sites 
§ one data point takes just a few hours on a PC

§ We model all details of the experiment based on design parameters 
§ accurate microscopic model 
§ same number of particles and lattice sites 
§ same temperature 
§ measure quantities as observed in experiment

18

Validation by Quantum Monte Carlo simulations



||Matthias Troyer

§ Approximation-free simulations with highly efficient algorithms 
§ 500,000 atoms on 10 million lattice sites 
§ one data point takes just a few hours on a PC

§ We model all details of the experiment based on design parameters 
§ accurate microscopic model 
§ same number of particles and lattice sites 
§ same temperature 
§ measure quantities as observed in experiment

§ We compare 
§ Do the results agree?

18

Validation by Quantum Monte Carlo simulations



||Matthias Troyer

§ Approximation-free simulations with highly efficient algorithms 
§ 500,000 atoms on 10 million lattice sites 
§ one data point takes just a few hours on a PC

§ We model all details of the experiment based on design parameters 
§ accurate microscopic model 
§ same number of particles and lattice sites 
§ same temperature 
§ measure quantities as observed in experiment

§ We compare 
§ Do the results agree?

18

Validation by Quantum Monte Carlo simulations

NO
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Validation by Quantum Monte Carlo simulations
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§ accurate microscopic model 
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§ same temperature  
§ finite expansion time 
§ heating from lasers 
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Validation by Quantum Monte Carlo simulations

§ Approximation-free simulations with highly efficient algorithms 
§ 500,000 atoms on 10 million lattice sites 
§ one data point takes just a few hours on a PC 

§ We model all details of the experiment based on design parameters 
§ accurate microscopic model 
§ same number of particles and lattice sites 
§ same temperature  
§ finite expansion time 
§ heating from lasers 
§ optical broadening due to lenses and pixel size in CCD 
§ measure quantities as observed in experiment 

§ We compare 
§ Do the results agree?

YES
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Next solve a classically hard problem: fermions

§ Replace bosons by fermions (electrons) 
§ “just” pick another atom or isotope, e.g. 8Li instead of 7Li
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Next solve a classically hard problem: fermions

§ Replace bosons by fermions (electrons) 
§ “just” pick another atom or isotope, e.g. 8Li instead of 7Li

§ The field makes good progress 

§ Fermi surface (Esslinger group) 
§ Mott insulator in Hubbard model (Esslinger group) 
§ Equation of state for unitary Fermi gas (Zwierlein group)  
§ Magnetic correlations (Esslinger and Hulet groups)

§ Quantum simulators are getting comparable 
to fastest classical computers
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22

Many opportunities and lots of progress

Higgs mode in quantum gases?

Synthetic gauge fields  
quantum Hall physics? 
Hofstadter's Butterfly ?

Dynamics far from equilibrium 

Strongly interacting fermions 
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22

Many opportunities and lots of progress

Higgs mode in quantum gases?

Synthetic gauge fields  
quantum Hall physics? 
Hofstadter's Butterfly ?

Dynamics far from equilibrium 

Strongly interacting fermions 
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Magnetic correlations in fermionic quantum gases
§ Validation of experiments by the group of Tilman Esslinger 

J. Imriska et al, PRL (2014) 

§ Good agreement at higher temperatures (entropies) 
§ Experimental equilibration issues at lower temperatures

y
x

z

t'

t'

U

t

Antiferromagnetic
spin correlation
Double occupancy

(a)
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▪ Cooling is hard 
▪ Calibration errors of about 10% 
▪ Limitations to specific analog models  
▪ Limited probes

24

Tough challenges for analog devices

EF

0.1 EF

0.01 EF

0.001 EF

A programmable universal quantum  
computer would really be useful
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▪ Cooling is hard 
▪ Calibration errors of about 10% 
▪ Limitations to specific analog models  
▪ Limited probes

24

Tough challenges for analog devices

EF

0.1 EF

0.01 EF

0.001 EF

we are here

superconductivity

Fermi energy

magnetism

A programmable universal quantum  
computer would really be useful
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B Y  N I C O L A  J O N E S

“I ’ve been doing combative stuff since 
I was born,” says Geordie Rose, 
leaning back in a chair in his small, 
windowless office in Burnaby, 
Canada, as he describes how he 
has spent most of his life making 
things difficult for himself. Until his 

early 20s, that meant an obsession with wres-
tling — the sport that, he claims, provides the 
least reward for the most work. More recently, 
says Rose, now 41, “that’s been D-Wave in a nut-
shell: an unbearable amount of pain and very 
little recognition”.

The problem of lack of recognition is fast 
disappearing for D-Wave, the world’s first and 
so far only company making quantum com-
puters. After initial disbelief and ridicule from 
the research community, Rose and his firm are 
now being taken more seriously — not least 
by aerospace giant Lockheed Martin, which 
bought one of D-Wave’s computers in 2011 for 
about US$10 million, and Internet behemoth 
Google, which acquired one in May. 

But the pain has been real — much of it, critics  
would argue, brought on by Rose himself. In 
2007, his company announced its first working 
computer with a showy public demonstration 
at the Computer History Museum in Mountain 
View, California. By the current standards of 
quantum computing — which in theory offers 
huge advances in computing power — the 
device’s performance was astonishing. Here was 
a prototype searching a database for molecules 
similar to a given drug and solving a sudoku 
puzzle, while the best machines built using 
standard quantum approaches could at most 
break down the number 21 into its factors1. 

Sceptics bristled at the ‘science by press 

conference’ tone of the introduction, and  
wondered whether the D-Wave device wasn’t 
just a classical computer disguised as a quan-
tum one. “This company from Canada popped 
out of nowhere and announced it had quantum 
chips,” says Colin Williams, who published 
one of the first texts on quantum computing 
in 1999, and who joined D-Wave last year as 
business-development director. “The aca-
demic world thought they must be crazy.” 

Today, those criticisms have been quietened 
to some degree by the release of more details 
about D-Wave’s technology. But they have 
been replaced by subtler questions: even if 
the D-Wave computer is harnessing quantum 

D-Wave is 
pioneering a 
novel way of 
making quantum 
computers — but 
it is also courting 
controversy. 
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“I ’ve been doing combative stuff since 
I was born,” says Geordie Rose, 
leaning back in a chair in his small, 
windowless office in Burnaby, 
Canada, as he describes how he 
has spent most of his life making 
things difficult for himself. Until his 

early 20s, that meant an obsession with wres-
tling — the sport that, he claims, provides the 
least reward for the most work. More recently, 
says Rose, now 41, “that’s been D-Wave in a nut-
shell: an unbearable amount of pain and very 
little recognition”.

The problem of lack of recognition is fast 
disappearing for D-Wave, the world’s first and 
so far only company making quantum com-
puters. After initial disbelief and ridicule from 
the research community, Rose and his firm are 
now being taken more seriously — not least 
by aerospace giant Lockheed Martin, which 
bought one of D-Wave’s computers in 2011 for 
about US$10 million, and Internet behemoth 
Google, which acquired one in May. 

But the pain has been real — much of it, critics  
would argue, brought on by Rose himself. In 
2007, his company announced its first working 
computer with a showy public demonstration 
at the Computer History Museum in Mountain 
View, California. By the current standards of 
quantum computing — which in theory offers 
huge advances in computing power — the 
device’s performance was astonishing. Here was 
a prototype searching a database for molecules 
similar to a given drug and solving a sudoku 
puzzle, while the best machines built using 
standard quantum approaches could at most 
break down the number 21 into its factors1. 

Sceptics bristled at the ‘science by press 

conference’ tone of the introduction, and  
wondered whether the D-Wave device wasn’t 
just a classical computer disguised as a quan-
tum one. “This company from Canada popped 
out of nowhere and announced it had quantum 
chips,” says Colin Williams, who published 
one of the first texts on quantum computing 
in 1999, and who joined D-Wave last year as 
business-development director. “The aca-
demic world thought they must be crazy.” 

Today, those criticisms have been quietened 
to some degree by the release of more details 
about D-Wave’s technology. But they have 
been replaced by subtler questions: even if 
the D-Wave computer is harnessing quantum 
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Only few investigate deeper

5/29/13 5:37 AMQuantum computing: Faster, slower—or both at once? | The Economist
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Quantum computing

Faster, slower—or both at once?
The first real-world contests between quantum computers and standard ones

CHIPMAKERS dislike quantum mechanics.
Half a century of Moore’s law means their
products have shrunk to the point where
they are subject to the famous weirdness of
the quantum world. That makes designing
them difficult. Happily, those same
quantum oddities can be turned into
features rather than bugs. For many years
researchers have been working on
computers that would rely on the strange
laws of quantum mechanics to do useful
calculations. They would do this by using
binary digits which, instead of having a
value of either “one” or “zero”, had both at
the same time. That might allow them to do
some calculations much faster than non-quantum, “classical” computers can manage.

Progress has been slow, but steady. And now it may be possible to see how a certain
type of quantum computer performs in the real world. On May 15th, at a computing
conference in Ischia in Italy, Catherine McGeoch, a computer scientist at Amherst
College in Massachusetts, presented a paper describing the performance of a quantum
computer manufactured by a Canadian firm called D-Wave.

D-Wave has a colourful history. To much fanfare and press
attention (including in The Economist), it announced a
working quantum computer in 2007. Sporting a
superconducting chip cooled to within a fraction of a degree
of absolute zero, this certainly sounded high-tech. But the
firm provided little concrete information, and given how far
ahead it seemed to be compared with academic laboratories
working on the same problem, many computer scientists
were sceptical of its claim to have created a truly quantum
machine. Following the publication of a paper in Nature in
2011, however, it is now generally accepted that the firm
has built a working version of a specific type of machine
called an adiabatic quantum computer.

Unlike a “standard” quantum computer, which (if one is ever
built) could answer the same sorts of question that a
classical computer can, an adiabatic computer is limited to a
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Quantum annealing of Ising spin glasses
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▪ and many more …
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Find the configurations which minimize the energy

This problem is (nondeterministic polynomially) NP-hard, meaning that many 
interesting hard problems can be mapped onto it 

▪ traveling salesman problem 
▪ portfolio optimization 
▪ factorization of integers 
▪ graph isomorphisms 
▪ and many more …

30

A device to solve Ising spin glass problems

H = Jij
ij
∑ sis j + hi

i
∑ si + const. with si = ±1

Can a quantum device solve these problems faster than a classical one?
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to improve its properties
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Annealing  
A 7000 year old neolithic technology 

Slowly cool metal or glass 
to improve its properties

31

Annealing and simulated annealing

Simulated annealing 
Kirkpatrick, Gelatt and Vecchi, Science (1983) 

A 30 year old optimization technique 

Slowly cool a model in a Monte Carlo simulation 
to find the solution to an optimization problem

We don’t always find the global minimum and have to try many times
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A quantum particle can simultaneously explore all of the configuration space 

Adiabatic quantum computing  
≈ quantum annealing  
≈ adiabatic state preparation 
 
Initially the particle is everywhere  
with equal probability 

After turning on the potential  
the wave function concentrates  
around the minima

32

Quantum annealing

V (x)

Ψ(x) 2

We have to anneal very slowly to remain 

adiabatic and  “tunnel” to the global minimum
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(Near) - adiabatically evolve in the presence of a transverse magnetic field 

Initial time t=0: all spins aligned with the transverse field
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(Near) - adiabatically evolve in the presence of a transverse magnetic field 

Initial time t=0: all spins aligned with the transverse field

Final time t=tf: ground state of the Ising spin glass
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(Near) - adiabatically evolve in the presence of a transverse magnetic field 

Initial time t=0: all spins aligned with the transverse field

Final time t=tf: ground state of the Ising spin glass

Ground state version: quantum adiabatic algorithm of Farhi et al, (2000)

Finite temperature version: quantum annealing by  Brooke et al, (1999)

Simulated quantum annealing: same idea in a Monte Carlo simulation
33
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The D-Wave devices: analog quantum optimizers

§ Superconducting flux qubits, representing Ising spins (+1 or -1) by flux 
quanta through superconducting rings

§ Programmable magnetic couplings to simulate the Ising model
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The D-Wave devices: analog quantum optimizers

§ Superconducting flux qubits, representing Ising spins (+1 or -1) by flux 
quanta through superconducting rings

§ Programmable magnetic couplings to simulate the Ising model

§ Quantum coherence of the qubits is quickly destroyed. 
§ Does it still work? Is it a quantum? Or is it just a classical annealer?

34
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Find hard test problems for the machine to solve 

random ±1 couplings on all bonds of the chimera graph
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Our experiments
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Our experiments

1000 choices of couplings for each problem size 
1000 repetitions of the annealing 
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Our experiments

hundred million experiments 
on D-Wave One

1000 choices of couplings for each problem size 
1000 repetitions of the annealing 
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Find hard test problems for the machine to solve 

random ±1 couplings on all bonds of the chimera graph

35

Our experiments

hundred million experiments 
on D-Wave One

one billion simulations 
classical and quantum Monte Carlo

1000 choices of couplings for each problem size 
1000 repetitions of the annealing 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

1



||Matthias Troyer

The same instances are hard and easy  
on D-Wave and the simulated quantum annealer  

but not on D-Wave and mean-field spin dynamics or classical annealing
36

Correlations

D-Wave

classical annealer
classical 

spin dynamics

simulated 
quantum annealer 

(QMC)

S. Boixo et al, Nature Physics (2014)
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D-Wave performs like a quantum annealer, but …

▪ How importance is quantumness? 

▪ Does a quantum annealer behave  
“classically" at the device temperature? 

▪ Is there any coherence  
beyond an individual qubit? 

▪ Does the device gain any  
advantage from quantum mechanics?
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▪ D-Wave compared to a simulated annealer on a CPU 

▪ Programming overhead dominates for small problems
39

And our measurements
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To find intrinsic scaling focus purely on annealing time  

Ignore the time to program, cool, and read out the results

40

Scaling of pure annealing times

D-Wave

CPU
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Is there evidence for quantum speedup?

Scaling of ratios of percentiles of annealing time
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Same performance 
if we want to solve  
only 50% of the problems
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Is there evidence for quantum speedup?

Scaling of ratios of percentiles of annealing time

Same performance 
if we want to solve  
only 50% of the problems

Slowdown on D-Wave  
if we want to solve more
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Model Transverse field  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Bosonic or fermionic  
Hubbard model
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Speed comparison High-end PC Supercomputer
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We are still in the early times of analog devices

We need a universal digital quantum computer 
no calibration problems 

greater flexibility

433
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