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Outline of the TALK

)The Quest for a Quantum Computer
II) Externally Protected Quantum Computer

Il) Topological Color Codes
V) Mapping to Statistical Models
V) Tricolored Lattice Gauge Theory

V1) Simulations and Threshold




)The Quest for a Quantum Computer




Challenges for New States of Matter...

Challenge for NEW PHYSICS:

The QUEST for a QUANTUM COMPUTER
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TYPES OF QUANTUM COMPUTERS

According to their Protection
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) Externally Protected Quantum Computer




Quantum Error Correction

A Critical Ghost

All papers on quantum computing should carrya\
footnote: “This proposal, like all proposals for
quantum computation, relies on speculative
technology, does not in its current form take into
account all possible sources of noise, unreliability
and manufacturing error, and probably will not ww

Rolf Landauer
IBM

Get around Landauer’s objections by finding
systems which naturally enact quantum
error correction.

Nature abhors a quantum computer?




Quantum Error Correction

Classical Error Correction Hello? Hello?

Noisy Cell Phonel o’ Ilo?

I have a flat tire. Isaid, I
have a flat tire! A flat tire.
No, I’m not trying to flatter
you..No, you’re not getting

fatter. I have a flat tire! |

Communication over a noisy CHANNEL can be overcome via

ENCODING

“Hello?” = “Hello? Hello? Hello? Hello?” [using redundancy to
encode “Hello™]




Quantum Error Correction

Simple Repetition Code
r 1-p

Encode: 0 — 000...000 0 0
1 — 111...111 * )4 ;
(N J
n copies 1 > 1
No encoding: kBinary Syn:metric Channel

LN

9 Probability of error = p

measurc

Encoding (n=3):

YANGANAN

P>

q decode 9
]
CRCOdce and correct
measure

Probability of error = 3p2(1 — p) + p> = 3p2 — 2p3 < p,p < %




Quantum Error Correction

Quantum Error Correction must face major problems:

* Quantum Redundacy is not possible due to No-Cloning Theorem

(and even if we overcome this—>)

*There exist Quantum Errors with no classical analog:

1) Bit-Flip Errors = Classical counterpart

2) Phase Errors—> Really Quantum

* We are not allowed to read the state of the qubit, which leads to
decoherence. The location and the type of error must be acquired
without acquiring the knowledge of the qubit state.

Encoding one logical qubit into several
physical qubits

Encoded qubit




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER
==> Yet to produce NEW PHYSICS

ACTIVE ERROR CORRECTION = MEDICINE

Rethink in more Familiar Terms

Error Correction “ Medicine

Errors <¢gmmssd>  Disease

Error Detection «gmmsss»>  Diagnose
(syndrome) (syndrome)

Correction <¢===)> Medicines




Challenges for New States of Matter...

Problem: we cannot touch the quantum state to do Error Detection

but Quantum Theory is magical ... and tricky

We have tricks at our disposal - Ancilla Qubits
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Challenges for New States of Matter...

Threshold Theorem

Fault Tolerant Quantum Computing is Possible!

Threshold Theorem:
If the error rate (typical number of operations per decoherence
time/ accuracy in quantum evolution / measurement error rate)
is smaller than a certain value (the threshold), then quantum
computation to arbitrary accuracy can be efficiently enacted.

Error Rate

Quantum Computation is NOT Analog Computation




Challenges for New States of Matter...

*Good News: Fault-Tolerant Qomputation
is possible

*Bad News: the threshold is very small

Caution: the proof is constructive, there could be better thresholds




Challenges for New States of Matter...

CHOT L-axRes

Lower bound on the accuracy threshold

A=
P
e
e
A=

A good gadget (one
with sparse faults) is
correct (simulates the
ideal gate accurately).

For each of the level-1 extended Rectangles in a universal set, e.g. for the
[[7,1,3]] (Steane) code, we can count the number of pairs of malignant
locations; the CNOT 1-exRec dominates the threshold estimate. We find a
rigorous lower bound on the accuracy threshold for adversarial
independent stochastic noise:

& >2.73x10°

(assuming parallelism, fresh ancillas, nonlocal gates, fast measurements,
fast and accurate classical processing, no leakage).




Challenges for New States of Matter...

A realization of quantum error correction

J. Chiaverini et al., [Nature 432, 602-605 (2004)] implemented a three-qubit
quantum repetition code using trapped ions. They prepared the encoded
|w)=a|0)+b|1) state, simulated noise that flips each qubit with probability
£, measured the error syndrome, and corrected the error.

The probability P of an encoded

J Chiaverini', D. Lelbfried', T. Schaetz'*, M. D. Barrett'~,
R.B.Blakestad',.J. Britton', W. ML itano’, J.D. Jost', E. Knlll’, C. Lange:
R.Ozerl' & D, J. Wineland'

error was found to be b by

2 2 130

P=c+26|abl| ¢ it

.

... l.e., quadratic in & Sutr

proparation

Realization of quantum error —t®
correction lo-m
L

Yime and Frequenay Dividon, “Mathemarical and Compratational Saenacs
Dhivision, NIST, Bordder, Colorado 80305, USA E Hadamard gate
* Preseat addresses: Max Flanck Instivat fir Quancenopeik, Garduing, Germany (T3 Fhysic
Deparemen, Univers iy of Ougo, Danadiz, Mew Zebisd (MDE)

o B S (A) Rotation around was A by 0




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER

== Good Candidate: TOPOLOGICAL QUANTUM
COMPUTER

ERROR CORRECTION: RANDOM LGT (Lattice Gauge Theory)

PHASE DIAGRAM: NISHIMORI LINE

OBSERVABLES: AREA LAW VS. PERIMETER LAW




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER
==> Good Candidate: TOPOLOGICAL QUANTUM

RANDOM LGT (Lattice Gauge Theory)
Gauge group depends on the Topological Code

COMPUTER

w(y)
Elemem‘ar'y::”'ﬂ t
links: U;; 1
(U= U;t) 1T

4

Product of
links giving
analogue of
U(C,.A)




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER

==> Good Candidate: TOPOLOGICAL QUANTUM
COMPUTER

RANDOM LGT (Lattice Gauge Theory)
Gauge group depends on the Topological Code

{L

planar Wilson [ 7

loop ——— b=

Up = Tr'[UiJ'UJ‘kUkIUn]
plaquettes
Wilson loop




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER

==> Good Candidate: TOPOLOGICAL QUANTUM
COMPUTER

RANDOM LGT (Lattice Gauge Theory)
Gauge group depends on the Topological Code




ll) Topological Color Codes




Topological Stabilizer Codes

In order to introduce the idea of a topological stabilizer
code (TSC), we must consider a topological space in which
our physical qubits are to be placed, for example a surface.

A TSC is a stabilizer code in which the generators of the
stabilizer are local and undetectable errors (or encoded
operators) are topologically nontrivial.

e N8 » " W Undetectable

<
114 < P O 4L O n a f 5
Stabilizers \ n,. Ao {48 errors
c D

16




I1.Stabilizer Codes

» A stabilizer code!® C of length n is a subspace of the Hilbert space of
a set of n qubits. It is defined by a stabilizer group S of Pauli operators,
i.e., tensor products of Pauli matrices.

= Itis enough to give the generators of S. For example:

1Y) eC = VseS s|Y)=|¢)
»  Operators O that belong to the normalizer of S

{(ZXXZI1,1ZXXZ,Z1ZXX,XZ1ZX}

leave invariant the code space C. If they do not belong to the stabilizer,
then they act non-trivially in the code subspace.

OcN(S) — 08 =80

TD. Gottesman 95
17




I1.Stabilizer Codes

A encoded state can be subject to errors.

To correct them, we measure a set of generators of S. The
results of the measurement compose the syndrome of the
error. Errors can be corrected as long as the syndrome lets
us distinguish among the possible errors.

Since correctable errors always form a vector space, it is
enough to consider Pauli operators, which form a basis.

We say that a Pauli error e is undetectable if it belongs to
N(S)-S. In such a case, the syndrome says nothing:

VsesS  sely) =esqy) =e|y)

A set of Pauli errors E is correctable iff:

E'ENnN(S)eS. 8




Stabilizer Codes

= A stabilizer code! C of length n is a subspace of the Hilbert space of a
set of n qubits. It is defined by a stabilizer group S of Pauli operators, i.e.,
tensor products of Pauli matrices.

Y) eC — Vse S sfuv) = |v)

= Some stabilizer codes are specialy suitable for quantum computation.

They allow to perform operations in a transversal and uniform way:

'm

i
L
@ m
Lo} LJEH
8 0
LI —
L
., {1
Il
® ~rm zr1
bl | [ =
3 L= pA— e
o Pad | g / A
V4 = L =M
/ N / -
Unary gate Binary gate

1 D. Gottesman 95
19




Stabilizer Codes

Gate Sets

Several codes allow the transversal implementation of

I /1 1 . 1 0 I» 0
H‘ﬁ(l —1) "‘(0 i) “‘(0 X)

which generate the Clifford group. This is useful for quantum
information tasks such as teleportation or entanglement distillation.

Quantum Reed-Muller codes® are very special. They allow universal
computation through transversal gates

"y 1 0 I, 0
1/2 _ . 2
K= (o il ?) A= (0 .\')

and transversal measurements of X and Z.

We will see how both sets of operations can be transversally implemented
in 2D and 3D topological color codes:

Color Codes = Transversality + Topology

TE. Knill et al.
20




2-Colexes

= Goal: 2-dimensional layers as quantum registers, protected
by TO. Operations on encoded qubits without selective
addressing of physical qubits.

D, 3 s

§ Each register is a

topologically
protected layer.

1-qubit and 2-qubit
operations. No

Register stack addressing.

21




2-Colexes

= A 2-colexis atrivalent 2-D lattice with 3-colored faces.

= Edges can be 3-colored accordingly. Blue edges
connect blue faces, and so on.

» The name ‘colex’ is for ‘color complex’. D-colexes of
arbitrary dimension can be defined. Their key feature is

that the whole structure of the comglex is contained in gle
1-skeleton and the coloring of the edges.




2-Colexes

To construct a color code from a 2-colex, we place 1 qubit
at each vertex of the lattice. The generators of S are face

operators: . 6 Bf( = X1 X9 X3 X1 X5 X5
2<:>5 B? — Z1Z2Z3Z4Z5Z6
3 4

Transversal Clifford gates should belong to N(S). We have:
HB}H'=B7 KBjK'=(-)2BjfBf
HB7H'=B} KB}K'=B}

Here v is the number of vertices in the face. Ifitis a
multiple of 4 for every face, then K is in N(S). H always is.

As for the CNot gate, it is clearly in N(S) (it is a CSS codg).




2-Colexes

* In order to understand 2-D color codes, we have to introduce string
operators in the picture. As in surface codes, we play with Z, homology.
However, there is a new ingredient, color.

» A blue string is a collection of blue links

—

Endpoint Jeus String operators

SX = X1X2X3X4X5X5...
§¢ = LLLLsZs...

(hexagonal bishop with flavor X or Z):

» Strings can have endpoints, located at faces of the same color. However, in
that case the corresponding string and face operators will not commute.
Therefore, a string operator belongs to N(S) iff the string has no endpoints.

29




2-Colexes

Continous Visualization of Color Strings

» For each color we can form a shrunk graph. The red one is:

Red faces » vertices A red face is also
Red edges » edges blue or green string
Blue and green faces ———» faces, faces

» Thus for each color homology works as in surface codes. The
new feature is the possibility to combine homologous blue
and red string operators of the same kind to get a green qpe.




2-Colexes

= Strings can be deformed
and colors branched:

1
e

S
’OV‘
2

S7 ~ 8§ 8787~ 57

r

Equivalent strings act equally
on the Ground State.

31




2-Colexes

Since there are two independent colors, the number of encoded qubits
should double that of a surface code. Lets check this for a surface
without boundary using the Euler characteristic for any shrunk

lattice. x=V+F_EFE

Face operators are subject to the conditions

o _ o __
[157 =115 =[15.
fee fee fee
& ® C
so that the total number of generatorsis ¢ = 2(F' + V — 2)

The number of physical qubits is 7 = 2F . Therefore the number of
encoded qubits q is twice the first Betti number of the manifold:

[[n, &, d]] k:n—g:4—2X:2h1

32




2-Colexes

In order to form a Pauli basis for the operators acting on
encoded qubits, we can use as in surface codes those string
operators (SO) that are not homologous to zero.

To this end, we need the commutation rules for SO.
Clearly SO of the same type (X or Z) always commute.

A string is made up of edges with two vertices each.
Therefore, two SO of the same color have an even number of
qubits in common an they commute.

SO of different colors can anticommute, but only if they
cross an odd number of times:

="
: (55,57} =0
()-()l

SL
EEm ee
T
g 33




2-Colexes
String Operators

operators, S* and S%, products of Xs or Zs along S.

For each colored string S, there are a pair of string {Sb\'- ng} — 0 ‘/)l‘
. . . o°
String operators either commute or anticommute. Emm o
Two string operators anticommute when they ..% s
o

have different color and type and cross an odd
number of times.

As in surface codes, encoded X and Z operators can be chosen from closed string
operators which are not boundaries.

The number of encoded gqubils is twice as in a surface code:

XQ; ZI
.
—

Surface code: 2 qubits Color code: 4 qubits

34




2-Colexes

= Now we can construct the desired operator basis for the encoded qubits.
In a 2-torus a possible choice is:

S o Xy 537 e Z

S;‘\ > /YQ Sng <y ZQ
X Z

Sg > /Y3 ST <« ZS

X.Z; = (-1 Z; X,
# Encoded qubits = 2h,
h, = first Betti number

» However, if we apply the transversal H gate to such a code the resulting
encoded gate is not /. The underlying reason is that for a string S we
never have

{SZ;YSgZ} =0

35




2-Colexes

Way out:

» But we can consider surfaces with boundary. To this end,
we take a sphere, which encodes no qubit, and remove
faces.

= When a face is removed, the resulting boundary must have
its color, and only strings of that color can end at the
boundary. T 5 Toy Baryon

2 Z or
String-Net!

{Ix, Tz} =0

X, Z4
2 quitS 2 qU.bitS As desired!

36
'Wen et al.




2-Colexes
Look for 2-colexes with string-nets:

» We can even encode a single qubit an remove the need for holes. If we

remove a site and neighboring links and faces from a 2-colex in a
sphere, we get a triangular code:

Simplest
example

= We can construct triangular
codes of arbitrary sizes. The

vertices per face can be 4 and
8 so that K is in N(.S).




2-Colexes

The transversal H clearly amounts to an encoded H:

This is also true for K. The
support consists of an odd

anticommutation properties of T imply that its
number of qubits:

K« Tx — £2Tx 7Tz
Tz __ Tz

Therefore, the Clifford group can be implemented transversally in

triangular codes.

39




2-Colexes
Triangular Codes

* Encoded X and Z operators:

~

X =X®" 7 =27°" {2,X}=0
n = # physical qubits. X, BfZ] =0, [Z, Bf(] =0

* The Clifford group is implemented with global operators:
H = H®" K=K®"  A=A®"

HXH' =7 KXK'=+iXZ AIXA'=1X, AXIA'=XX

HZH'=X KZK'=2 ATZA' = ZZ, AZIA' = ZI

|

HBfH'=B7 KB{K'=BfB7 AIBfA! =IBf, AB{IA' = BfBf
TRZgl — RX K RZET - pZ ATRZAT - RZRZ  ARZIAT - RpZ
HBfH' = Bf KB}K'= Bj AIBfA' = BfBf, ABFIA' = Bf1

40




2-Colexes

= Ground State GS can be described by
applying string-net operators to the GS:

We can give an expression for the states of the logical qubit

{10); 1)}
0) =[]+ BH) ] (1 + BY)|0)®"
b p

and

string —nets

Ll




2-Colexes

= Excitations can be created applying
string operators to the GS:

74 i e

Each endpoint is a quasiparticle,
a violation of a face condition. 45




4A111!]()11£; :2‘(%0165“85;

» The quasiparticles that populate the system are abelian
anyons.

= When, for example, a green X excitation loops around a
blue Z excitation, the system gets a global minus sign:

.--_..SA—Q {SAZ\’Sé } — 0

Sc Sx(SzSx|GS)) = —Sz Sx |GS)
SB C*A B A B

uuD<>

» Note that excitations, or their braiding, play no role in
our computational model. All the operations are carried out
in the ground state of the system. 46




2-Colexes

Topological 2D Stabilizer Codes: Comparative Study

Pauli operator bases in the torus

X2) ZI

« A color code encodes twice as much logical qubits as a surface code does

We compute the topological error correcting rate C — N / d 2
for surface codes ()
3

and color codes
in several instances. ¢ 47




V) Mapping to Statistical Models




Challenges for New States of Matter...

EXTERNALLY PROTECTED QUANTUM COMPUTER

==> Good Candidate: TOPOLOGICAL QUANTUM
COMPUTER

NL

P

I
pm !
I
I
MCP
sl ™
N\

T

h

Confinement

high-T region

Nishimori
Line

low-T" region

Po p




FUNDAMENTAL RESULT

[1 PHASE DIAGRAM: RANDOM 2-BODY ISING MODEL

2-BODY ISING

T o100(2)

B S S
R Trme

o C ORDERED
L PHASE

b. =

0.109(R)
DISORDERED_:
PHASE

0.04

0.06
p

TOPOLOGICAL COLOR CODES

NISHIMORI LINE
p

—2J) = L

exp(=2J) = 5 —

(s
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® Start from a 2D 3-co|orab|e
triangular lattice.

® Embed the lattice
in a nontrivial
compact surface
with g > |.

on nearby triangles:

® A qubit is placed on each triangle.

A7\

S v

PeL e

AL/
VAVAVL\VA

X Xa

AN:veA

® The stabilizer group is given by the following vertex operators acting

& Za

AN:veAN

the vertex operators pairwise commute and square to unity.
® The code is defined on the subspace with X, = Z, =1 V.
® The resulting collection of | eigenvalues is the error syndrome.
® The stabilizers do not mix X (bit-flip) and Z (phase) operators.




» Start from a 2D 3-co|orab|e
triangular lattice.

» Embed the lattice
in a nontrivial
compact surface
with g > |.

® A qubit is placed on each trlangle.

A AA. ‘
WO e
X AVAVAVL\VA

S

® The stabilizer group is given by the following vertex operators acting

on nearby triangles: x .— ® XA Zy = ® ZA

- Awel AweAN
the vertex operators pairwise commute and square to unity.

® The code is defined on the subspace with X, = Z, =1 V.
» The resulting collection of £1 eigenvalues is the error syndrome.

6‘

We can treat bit-flip and phase errors separately.



| hreshold: map .to a statistical. mode

® Error correction is achievable if in the limit of infinite size:

Y P(E)P(E|OE) — 1
Dennis et al.,,] Math Phys (0]
» P(E) x [p/(1 — p)]'®!, with E a bit-flip error with probability p.

° P(E|OE) is the probability that a syndrome OE was caused by an
error in the homology class F.

® Mapping:
» Setexp(—2J) = p/(1 — p) for the Nishimori line. It follows that
P(E) xexp(D_ATA)-
® 7Ao = *x1 negative when A € E.

® Insert classical spin variables o; = 11 at the vertices.VVe obtain

P(E) x Z|J, 7] := E e’ 2(ijk) TiikOi0; Ok
Katzgraber et al., PRL submitted (09




Random 3-body.lsing.model

® Hamiltonian:

H=J Z TijkOi0 0k
(ijk)
® Details:
® [sing spins are placed on the vertices of a triangular lattice in 2D.
® A bit-flip error corresponds to 7;,;, = —1 with probability p.

® p > 0:glassy Ising model with 3-body interactions without spin-
reversal symmetry.

® Error threshold:
® Compute the p—T. phase diagram of the model.

® p. corresponds to the critical p along the Nishimori line where

ferromagnetic order (p = 0) is lost.
Dennis et al., ] Math Phys (02)




® Study the finite-size two-point correlation function.

® k-space susceptibility...

X(k NZ 0_20_1 zk(R —-R;)

ij
® Perform an Ornstein-Zernicke approximation...

X (k)/x(0)] 7" = 1+ &%k* + O[(¢k)"]
® Compute the two-point correlation function:

1 X(0)]av
2 Sin(kmin/z) [X(kmin)]av

|

& =




criticality: correlation

® Study the finite-size two-point correlation function
® Scaling behavior: ~
% - X (Ll/”[T _ TC])
&/ LA ¢/L
- T. =0 | T, > 0
0 0
2 2
= =
c cC
g ke
: Is 3§ L
Lo 7L
L1 L4 3
—r » —r — >
temperature temperature T
Te




Benchmark.case:p =0

.. 3
® The critical parameters -

can be computed exactly: 2D triangular

|

|

|

|

- ! = 0.000
® Tc = Tc'smg = 2.269... &9 : P

ov=a=2/3 - :

2 :

3 .

® Agreement with N |

- = A |

exact results. g 1O0 L Feg ey

U - TR |

. 0O 12 = =X\

- - - i . 18 ‘\
® No visible correctionsto 1 [ 2 24
. . N

scaling. C O a0

0.5

® Next: Perform a finite-

size scaling of the data... 0 ‘————
2.2 2.25




® Fixed parameters:
® Tc=Tsne=2269...
ov=2/3

® The finite-size
scaling is perfect. <

® The code works! o

® Next:introduce
errors by flipping bits

Tijk — —Tijk
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0.25

—-0.25

-0.5

I I I I I I 1 I I I I

2D triangular

1 1 1 1 l 1 1 1 1 I 1 1

2 4
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Introduce

® For each value of p | ]
compute T.. 2D trlgr(;gglar
. p = 0.
® Corrections around R
p ~ 0.108.
3
\E 2 _ ;\
1 12 g
18 N
24 W
" 30 N2
O 386
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2.05 2.1 2.15 :
T




htroduce qubit.errors:p >.0

® For each value of p | ]
compute T.. 2D trlgrégglar
. p = 0.
® Corrections around 2 i
p ~ 0.108.
T €
. N
ising L
IT° oF R\
® 1 -9 12 - -
Z 18 N
" 30 3
O 36 .
/—Iine - — -~
0 | |

oY
N
o
(o))
AV
—
AV
—
(9))
N\




nhtroduce
2.5 . 1 1 1 I I 1 1 1 I 1 1 1 1 I || 1 1 1
® For each value of p - & |
compute T.. AR 2D triangular
. p = 0.040
® Corrections around 2 [N _
p ~0.108. I
T 15 | ]
Tclsmg g i _\
" I ¥
® 9 1 EFo 12 N |
. & 18 \‘§: -
:fgg S T e
- O 36 S -
0.5 =N _ ~
N-line i S8
) 0 i 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
p 1.85 1.9 1.95 2 2
T




® For each value of p -

compute T.. \
® Corrections around
p ~0.108. 15

T 3

I 3 L
T.ising £

0 had I

- i

. -

0.5

N-line -

OmDeO

t~

12
18
24
30
36

2D triangular

p = 0.060

[
~2




1.5 1 1 | || I 1 1 1 1 I | 1 | ||
® For each value of p X |
compute Te. R <D trlgr(;gglar
W P = .
® Corrections around o5 |
p ~0.108. YK 5
T . )
isin \ 1 L \ -
Tcs'ng «5 I \\
. . | D 12 :’\ :
| ® 18 N
° _ A b8 N
0.75 - o o9 _
N-line I
0.5 L L 1 1 | 1 1 1 1 | 1 1 L 1
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htroduce

® For each value of p
compute T..

® Corrections around
p ~0.108.

TITcising

2D triangular
p = 0.100




ntroduce qubit.errors:p >.0
1.5 1 1 1 I 1 I I I
® For each value of p
compute T.. 2D triangular
= 0.105
® Corrections around i
p ~0.108.
T € _ |
ITcising \E I L -
O i 0 12
@)
® o Y
= 30
% O 36
/—Iine I
5 0'508 1 112 1
T




® For each value of p
compute Te.

2D triangular

. p = 0.107
® Corrections around
b ~ 0.108. :
TI ) Q
Tclsmg ME
® @)
@)
@)
@ 0.5
/—Iine i
| |
5 1 1.2




® For each value of p
compute Te.

® Corrections around
p ~0.108.

TITcising

€n/L

/—Iine

Y

1.5

Introduce qubit.errors:p >.0

2D triangular
p = 0.108




nhtroduce qubit.errors:p >.0

® For each value of p

compute Te. <D trl(f)arll%;lar
. p = 0.
® Corrections around
p ~ 0.108.
~

TI ) S _

Tclsmg ME

® @)
@)




® For each value of p
compute T..

® Corrections around
p ~0.108.

TI ) S
Tclsmg *Ug
® @)
O
@
N-line
O—>

1.2

1.1

0.9

0.8

0.7

I 1 1 I I 1 1
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1 1 1 1 I 1 1 1 I

2D triangular
p = 0.110
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ntroduce qubit.errors:p >.0

® For each value of p
compute T..

® Corrections around
p ~0.108.

T

2D triangular
p = 0.120

1 I 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l 1

0.8 1 1.2 1.4 1.8
T




b—[ Phase diagram & concluding remarks

® 50 CPU years later...

® The error threshold is
comparable to the toric <
code value.We obtain:

T
s
.
.
.
e
.

1.5
pe. = 0.109(2)

9}

B~

® Note: pc does not violate 1
the Gilbert-Varshamov

bound p ~ 0.110027.
0.5 |
- correction feasible

wily
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® Future: faulty measurements, (2+1)D p
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b—I_Phase diagram & concluding.remarks

® 50 CPU years later...

® The error threshold is
comparable to the toric <
code value.We obtain:

» .
o,
.
ta
e
.

pe. = 0.109(2)

B~

® Note: pc does not violate 1
the Gilbert-Varshamov

|

|

bound p ~ 0.110027. |

0.5 < I

- correction feasible !

f |

rial

0 0.02 0.04 0.06 0.08 0.1 0.12
® Future: faulty measurements, (2+1)D p
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clasico ayuda a saber si un cierto tipo de
QC es posible en realidad

2.5 rrrrrreryprrrrery |||||||
® 50 CPU years later... |

® The error threshold is

7

, - paramagnet
comparable to the toric < g .
code value.We obtain: .
1.5 ferromagnet .. _
pc p— 0.109(2) E‘o .’a '

® Note: {i\c does not violate 1

the Gilbert-Varshamov
bound® ~ 0.110027.

error correction feasible

Do the wider computational capabilities
imply a lower resistance to noise’

No! 0.06 0.08 0.1 0.12

® Future: faulty measurements, (2+1)D p




V) Tricolored Lattice Gauge Theory




Fault-Tolerant Quantum Computer

Measurement Errors

in addition to
Qubit Errors




Add Measurement Errors ...

bit-flip errors

error rate P

measurement errors

data

|

P nY
U/

Fa
N

N L
v N

N
/N

AY
L/

error rate q

2D random model

3D lattice gauge theory

A

time




3D Disordered Lattice Gauge Theory

2D random model

e H=J) npSieisk
(igk)

3D lattice gauge theory

H=-> Jils - > Ki[S*s
o ==z

_ | =1 probability p,q
T Bk = {+1 (1-p),(1-q)




3D Disordered Lattice Gauge Theory

2D random model

B H=J) n;Sieisk
(igk)

for simplicity p = q...
3D lattice gauge theory

H==) Ji[8%s— > Kx[§"s
CoTC > @ =3
= B
| —1 probability p,q
J”’Kk_{ﬂ 1-p),1—q)




Mapping

® error probabilities = quenched couplings
[[]:=) P(E)-
E

® dominant error class in average =¥ divergent free
energy (large system limit)

Ap(3,E)] — 0o, D€ Z(S)—(i1)S

® error threshold =¥ phase transition




Fault-Tolerance

e topological quantum memory scenario

® two kinds of (effective) errors ( =¥ interactions )
® on physical qubits
® on measurements of check operators

® two kinds of error equivalences ( =¥ spins )

® between errors at equal times (check operators, as

before)

® related to two unnoticed, equal and
consecutive errors: they cancel each other!




Fault-Tolerance

® e.g fault-tolerance in repetition code
® corrects bit-flips only

® qubits: links forming a line
Sz' = ZiZi—{—l
AP
1@ 2 - o o o

® trivial error correction: two errors per syndrome

X3 Xy
P x o x o
X1 X2 X5 XG

® check ops: vertices




Fault-Tolerance

® e.g.fault-tolerance in repetition code
® corrects bit-flips only

® qubits: links forming a line

Si = ZiZit1

® check ops: vertices

AP,
<

® trivial error correction: two errors per syndrome

X3 Xy
PN x PN x °
X1 X X5 Xe




Fault-Tolerance

e fault-tolerance: measure check ops in parallel repeatedly

® add a dimension to represent time

< < L 4 & &
4— measure

. 4 . 4 . 4 L 2 . 4
4— measure

A & & & & &
4— measure

t . 4 . 4 & L L
4— measure

@ @ @ @ -
4— measure

@ @ @ @ -
4— measure




Fault-Tolerance

® errors on physical qubits =» horizontal links

® errors on measurements = vertical links




Fault-Tolerance

® changes on measurement outcome =% endpoints

X | X

¥ ¥




Fault-Tolerance

® error equivalence up to homology

mn

<H

® same as toric code!




Fault-Tolerance

® in general, fault-tolerance adds one dimension

® toric code + bit-flip + f-t =» random Z- gauge model

® color code + bit-flip + f-t =» random ZxZ. “tricolored”
gauge model (Andrist et al. *10)




VI) Simulations and Threshold




® Problems:

® Local order parameters (magnetization)
do not work for LGTs.

® The transition is first order.

® Both specific heat and energy imprecise. T

® Solution:

® Wilson loops in the hexagon plane

1
= Nloops Z H SJ

loops j€loop

® Note: here we use minimal loops over
one plaquette to reduce corrections.
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Average Wilson Loop Value (¢)

imprecise
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VVilson loop. distribution(p
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VVilson loop distribution(p,=.

Frequency of ¢
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Skewness of /

p=0.00 —a—i
p=0.05 —a—

L =12

|
I
l
|
<< a

0=10—(t)

060 080  1.00 120  1.40
Simulation Temperature 1’

1.60

1.80




Skewnessas;a:Binder.parameter:

agrees with C, and E, Maxwell
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arXiv:quant-phys/1005.0777

® 23 CPU years later... 16 ——m———————————7——7
® Extrapolate (L — c)... 1.4 ¢ N-line -
® Threshold: 1.2 F ® .
: paramagnet ]
4 o )
pe = 0.045(2) = : ordered phase ° o '
E‘g 0.8 F s -
® Revisit TC (pc =3%) 0.6 -//
Ohno et al., Nuc Phys B (04) C y
0.4 | -
0.2 [ -
. 00:||||||
® See also: 0.00 0.01 002 003 004 005 0.06
® Phys. Rev. Lett. 103,090501 (2009) p
» Phys.Rev.A 81,012319 (2010)




® 23 CPU years later... 16 ———r——————

® Extrapolate (L — 0)... 14 ¢
® Threshold: 1.2 F o

1.0 L

pe = 0.045(2) — ordered phase

N-line

paramagnet

arXiv:quant-phys/1005.0777

iﬁ 0.8 F
® RevisitTC (pe = 3%) 0.6 |
Ohno et al., Nuc Phys B (04)
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0.2 [
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> Phys. Rev. Lett. 103,090501 (2009)
> Phys.Rev.A 81,012319 (2010)
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® 23 CPU years later...

B~
C(pe=3%) o
ot al., Nuc Phys B (04) _

measurement errors?

| —

® Extrapolate (L — oc)... 1.4 w N-line
® Threshold: 1.2 | o
‘ paramagnet
[ e
pe = 0.045(2) = L0 . ordered phase ° o
— 0.8 F

Are TCCs stable towards bit-flip and

0] ‘! PC
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arXiv:quant-phys/1005.0777

» See also: 0.00 0.01

> Phys. Rev. Lett. 103,090501 (2009)
> Phys.Rev.A 81,012319 (2010)
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® arXiv:quant-phys/1005.0777, PRL subm.
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For now, this is it!

MANY THANKS FOR YOUR ATTENTION

THE END




