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Abstract: In the closed system setting | will show how to obtain extremely accurate adiabatic QC by proper choice of the interpolation between the
initial and final Hamiltonians. Namely, given an analytic interpolation whose first N initial and final time derivatives vanish, the error can be made
to be smaller than 1/N”N, with an evolution time which scales as N and the square of the norm of the time-derivative of the Hamiltonian, divided by
the cube of the gap (joint work with Ali Rezakhani and Alioscia Hamma). In the open system setting | will describe a method for protecting
adiabatic QC by use of a hybrid encoding-dynamical decoupling scheme. This strategy can be used to protect spin-based universal adiabatic QC
against arbitrary 1-local noise using only global magnetic fields. By combining error bounds for the closed and open system settings, | will show
that in principle the method is scalable to arbitrarily large computations. References: Closed system case: arXiv:0808.2697 Open system case: Phys.
Rev. Lett. 100, 160506 (2008)
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AQC in a Nutshell

e Originally proposed by Farhi, Goldstone, Gutmann & Sipser (quant-ph/0001106)
as a method for solving satisfiability problems (e.g. 3SAT)

e ldea: Solve computational problems by measuring the ground state of a
Hamiltonian, adiabatically morphed from one whose ground state is simple
to one whose ground state encodes the answer to an interesting problem:

Hamiltonian:  H(0) Y H(T) |
ground state: [00---0) +—— |answer)
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AQC in a Nutshell

e Originally proposed by Farhi, Goldstone, Gutmann & Sipser (quant-ph/0001106)
as a method for solving satisfiability problems (e.g. 3SAT)

e |ldea: Solve computational problems by measuring the ground state of a

Hamiltonian, adiabatically morphed from one whose ground state is simple
to one whose ground state encodes the answer to an interesting problem:

| Hamiltonian: H (0) — H(T)

| ground state: [00---0) —_— lanswer) |
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In more detail:

Adiabatic interpolation Hamiltonian, acting on n qubits, for ¢ € [0, T:

Hy(t) = (1-f(t) Hy +f() H
initial H “problem H"
where f(0) = Oand f(T) =1

Instantaneous adiabatic ground state:

Had(t)|02d(2)) = Eg(t)|0ad(t))

Final ground state |¢,4(7")) (of the problem Hamiltonian) encodes the solution
to the computational problem.
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In more detail:

Adiabatic interpolation Hamiltonian, acting on n qubits, for £ € [0, T']:

Hyy(t) = (1—f(¢)) Ho +f(t) Hy
initial H “problem H”
where f(0) = 0Oand f(T) =1

Instantaneous adiabatic ground state:

H3d(t)|9ad(t)) = Eg(t)|Pad(t))

Final ground state |¢,4(7T")) (of the problem Hamiltonian) encodes the solution
to the computational problem.
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H,

TL
3 Bo?
=1
strong magnetic field B on n qubits; |¢,4(0)) = | Ty

T
2 Jijoi- 7
i<j
spin-glass Hamiltonian for J;; random and fixed; |@,4(7T)) =777

Finding spin-glass ground state is NP-hard.
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i
=1
= strong magnetic field B on n qubits; |¢.4(0)) = | 1)®"
n
Hy = Y Kioi-o;

J
= spin-glass Hamiltonian for J;; random and fixed; |¢,4(7T)) =777
Findine enin_alace armiind ctata ie NP_hard
Theorem: AQC can be performed with a fidelity approaching 1 as a power law in the system
size, using only 2-local Hamiltonians, in the presence of l-local noise, assuming access to
(dynamical decoupling) pulses whose width and intervals shrink as a power law in the system
size. The power law exponent is linear in the dynamical critical exponent of the closed system.

Main reference:

DAL, “Towards Fault Tolerant Adiabatic Quantum Computation”, Phys. Rev. Lett. 100,
160506 (2008)
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Motivation
® Protect Adiabatic Quantum Computation (AQC) against decoherence and control errors

® Find rigorous bounds on fidelity of AQC in presence of coupling to environment

® Main result of this talk:

Theorem: AQC can be performed with a fidelity approaching 1 as a power law in the system
size, using only 2-local Hamiltonians, in the presence of l-local noise, assuming access to
(dynamical decoupling) pulses whose width and intervals shrink as a power law in the system
size. The power law exponent is linear in the dynamical critical exponent of the closed system.

Main reference:

DAL, “Towards Fault Tolerant Adiabatic Quantum Computation”, Phys. Rev. Lett. 100,
160506 (2008)

Pirsa: 08100039 Page 11/80



Mo Signal
WA




Motivation
® Protect Adiabatic Quantum Computation (AQC) against decoherence and control errors

® Find rigorous bounds on fidelity of AQC in presence of coupling to environment

® Main result of this talk:

Theorem: AQC can be performed with a fidelity approaching 1 as a power law in the system
size, using only 2-local Hamiltonians, in the presence of l-local noise, assuming access to
dynamical decoupling) pulses whose width and intervals shrink as a power law in the system

LY
size. The power law exponent is linear in the dynamical critical exponent of the closed system.
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Motivation
® Protect Adiabatic Quantum Computation (AQC) against decoherence and control errors

® Find rigorous bounds on fidelity of AQC in presence of coupling to environment

® Main result of this talk:

Theorem: AQC can be performed with a fidelity approaching 1 as a power law in the system
size, using only 2-local Hamiltonians, in the presence of l-local noise, assuming access to
(dynamical decoupling) pulses whose width and intervals shrink as a power law in the system
size. | he power law exponent is linear in the dynamical critical exponent of the closed system.

Main reference:

DAL, "Towards Fault Tolerant Adiabatic Quantum Computation”, Phys. Rev. Lett. 100,
160506 (2008)
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Proof Strategy (and talk outline)

Let

dg = distance between desired ground state
and actual system state, at final time T

Lemma 1: the distance inequality-

“decoherence distance” “adiabatic distance”
S < due to open system + due to closed system
S = non-unitary evolution deviations from adiabaticity
dp 8ad

and show that both these distances can be made arbitrarily small.

How?
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e Lemma 2 — adiabatic distance 4,4: For slow enough evolution, can be
made arbitrarily small using analytic interpolation and almost-constant
boundary conditions (or using only C 2 interpolation provided evolving more
slowly, for the same error)

e Lemma 3 (with the help of Lemmas 4 & 5) — decoherence distance
dp: Can be made arbitrarily small using dynamical decoupling (with finite-
width pulses and finite pulse intervals)
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dg = distance between desired ground state
and actual system state, at final time T

Lemma 1: the distance inequality:

“decoherence distance” “adiabatic distance”
So < due to open system + due to closed system
S = non-unitary evolution deviations from adiabaticity
dp 8ad

and show that both these distances can be made arbitrarily small.
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e Lemma 2 — adiabatic distance §,4: For slow enough evolution, can be
made arbitrarily small using analytic interpolation and almost-constant
boundary conditions (or using only C 2 interpolation provided evolving more
slowly, for the same error)

e Lemma 3 (with the help of Lemmas 4 & 5) — decoherence distance
dp: Can be made arbitrarily small using dynamical decoupling (with finite-
width pulses and finite pulse intervals)
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e Lemma 2 — adiabatic distance d,4: For slow enough evolution, can be
made arbitrarily small using analytic interpolation and almost-constant
boundary conditions (or using only C? interpolation provided evolving more
slowly, for the same error)

e Lemma 3 (with the help of Lemmas 4 & 5) — decoherence distance
dp: Can be made arbitrarily small using dynamical decoupling (with finite-
width pulses and finite pulse intervals)
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e Lemma 2 — adiabatic distance §,4: For slow enough evolution, can be
made arbitrarily small using analytic interpolation and almost-constant
boundary conditions (or using only C? interpolation provided evolving more
slowly, for the same error)

e Lemma 3 (with the help of Lemmas 4 & 5) — decoherence distance
dp: Can be made arbitrarily small using dynamical decoupling (with finite-
width pulses and finite pulse intervals)
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Tools: Distance Measure and Operator Norm

Distance between states: trace distance

1
Dlpy,p3] = 5||P1—Pz||1
lAll: = TrAl
Al = VATA

When applied to pure states p; = |v;)(¥;| I'll write D[4, ¥5].

Operator norm

IAll = sup [[Al9)|
l)ll=1
= maxA\;

2
A; € Spec(|Al) = eigenvalues(A) if A is Hermitian
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Quantifying AQC Performance

Dimensionless time:

T =t/T € [0,1]; T = final time

True final state [4(1)) is the solution of the (rescaled) Schrédinger equation:

W) = —iTH 4l)

dr
Goal of AQC: simultaneously minimize T'(n) and the error

824 = D[¥(1), d24(1)].

Questions. ..
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Quantifying AQC Performance

Dimensionless time:

T =t/T € [0,1]; T = final time

True final state [¢(1)) is the solution of the (rescaled) Schrodinger equation:

d|y :
Y i
Goal of AQC: simultaneously minimize T'(n) and the error

6ad = D[¥(1), #34(1)]-

Questions...
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e What determines T'(n)?
e How to make 4,4 small?

Textbook criterion:

to have [(¥(1)|¢aa(1))[2 > 1 — €

need T > 1 Ms [{excited(r)| Hag(7)I6aa(T))|

€ min- gap?(1)

Gap dependence on n determines T(n). For efficient AQC algorithms:

A(n) ~ Agn~*, z = dynamical critical exponent
Unfortunately this criterion is not quite right...
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e What determines T'(n)?
e How to make d,4 small?

Textbook criterion:

to have |(¥(1)|#.q(1))1> > 1 — €2

o . |(m“9d(T)|Had(T)l¢ad(T))l‘

€ min- gap?(1)

L3

Gap dependence on n determines T(n). For efficient AQC algorithms:
A(n) ~ Agn~?, z = dynamical critical exponent

Unfortunately this criterion is not quite right...
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e DAL, A. Rezakhani, A. Hamma, arXiv:0808.2697:

Assume H . 4(7)
— has a non-degenerate and gapped ground state
— is analytic in a strip of width - around [0, 1]

— its first IN derivatives vanish at r =0and 1
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e DAL, A. Rezakhani, A. Hamma, arXiv:0808.2697:

Assume H . 4(7)
— has a non-degenerate and gapped ground state
— is analytic in a strip of width -y around [0, 1]

— its first N derivatives vanish at r=0and 1
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Adiabatic Distance for Closed Systems

Depending on the differentiability of H .4 one can prove different versions of the adiabatic
theorem (Lemma 2).

® Jansen, Ruskai, & Seiler [J. Math. Phys. 48, 102111 (2007)]. Assume:
— the ground state manifold of Had is gapped.
— H,4(7T) is twice differentiable on [0, 1]
— Had(0) = H 4(1) =0

Then:

7 o Mgl
A3

— 5ad < T'_z
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e DAL, A. Rezakhani, A. Hamma, arXiv:0808.2697:

Assume H ,4(7)
— has a non-degenerate and gapped ground state
— is analytic in a strip of width 4 around [0, 1]

— its first N derivatives vanish at T =0 and 1
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e DAL, A. Rezakhani, A. Hamma, arXiv:0808.2697:

Assume H_4(7)
— has a non-degenerate and gapped ground state
— is analytic in a strip of width + around [0, 1]

— its first N derivatives vanish at r=0and 1
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Let s > 1. Then

1

T £N3+1 ”Ead”?-
(eVNT1)s

A3 > 6ad < N-SN ~
~y

Initial state can be off from |¢,4(0)) by O(1/T).

— Closed-system AQC is resilient against control errors which cause H,4(s)
to deviate from its intended path, as long as final Hamiltonian is correct.

This is a form of inherent fault tolerance to control errors not shared by the
circuit model!

How to accomplish this? Design Hamiltonian according to criteria above.
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Llet s > 1. Then

1 | Hoall? ol 1
T — —N3+1 —— 6 < N s ~
5 A3 ad (eNN1)s

Initial state can be off from |¢,4(0)) by O(1/T).

— (Closed-system AQC is resilient against control errors which cause H,4(s)
to deviate from its intended path, as long as final Hamiltonian is correct.

N

This is a form of inherent fault tolerance to control errors not shared by the
circuit model!

How to accomplish this? Design Hamiltonian according to criteria above.
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Let s > 1. Then

alN __ 1
(eVN1)3

T = N.ﬂ-i-l“HEd”z
0} A3

——> 63:, < N
Initial state can be off from |¢,4(0)) by O(1/T).

—> Closed-system AQC is resilient against control errors which cause H,4(s)
to deviate from its intended path, as long as final Hamiltonian is correct.

This is a form of inherent fault tolerance to control errors not shared by the
circuit model!

How to accomplish this? Design Hamiltonian according to criteria above.
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let s > 1. Then

1
(ENN!)S

1 H_ 4|2
7 — et ;g” — BN
3

Initial state can be off from |¢,4(0)) by O(1/T).

—> Closed-system AQC is resilient against control errors which cause H,4(s)
to deviate from its intended path, as long as final Hamiltonian is correct.

N
This is a form of inherent fault tolerance to control errors not shared by the

circuit model!

How to accomplish this? Design Hamiltonian according to criteria above.
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Let s > 1. Then

1
(e N1)s

1 H_ ;|2 .
T = —N'g-i_l% — 5ad < N_S‘P"' ~
Y

Initial state can be off from |¢.4(0)) by O(1/T).

— Closed-system AQC is resilient against control errors which cause H4(s)
to deviate from its intended path, as long as final Hamiltonian is correct.

This is a form of inherent fault tolerance to control errors not shared by the
circuit model!

How to accomplish this? Design Hamiltonian according to criteria above.
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Open System Evolution

H(t) = Hg(t)®Ip+1Is® Hp+ Hgpg,
Hg(t) = Ho4(t) + Hc(E)

implements AQC  implements DD
HSB’ —_— Z Sa X Bﬂ
a

We'll see how to enforce

[Haa(t), Hc(t)] =0 Vet
Joint system-bath propagator and joint state:

U) = Tewl—i [ HEWE:  plt) = UDp(0)U ()

Time-evolved system state: pg(t) = Trgp(t)
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Open System Evolution

H(t) = Hg(t)®Ip+1Is® Hp+ Hgpg,
Hg(t) = Ho4(t) + Hc(E)

implements AQC  implements DD
HSB —_— Z Sa X Bﬂ:
[

We'll see how to enforce

[Ha4(t), Hc(t)] =0 Vi, t'.
Joint system-bath propagator and joint state:

U) = Tewl—i [ HEWE]:  plt) = Up(0)U ()

Time-evolved system state: pg(t) = Trpp(t)
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Open System Evolution

H(t) = Hg(t)®Ip+Is® Hg+ Hgp,
Hg(t) = Ho4(t) +  Hc(t)

implements AQC  implements DD
Hgg = ) Sa®Ba
o

We'll see how to enforce

[Haq(t), Hc(t)] =0 Vit
Joint system-bath propagator and joint state:

U) = Tewl—i [ HE)]:  olt) = U@pOUE)
Time-evolved system state: pg(t) = Trpp(t)
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Distances

" (D)

_ .d =system+bath

@ .5 =system only
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Distances

.SH_HJETE dﬁ‘ 'O"izj
pl)= N
— _‘T
= - o)
1T . e
d_, a
. ) ' D .d =system~bath
| B "-J;J".-:{ T‘} @ .5 =system only
#..(T) &
]
w(T) N "
55_ 5&d dD
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0g < dp + 0.4-

Already saw d.4 can be made arbitrarily small using analytic interpolation.
Goal: Simultaneously minimize dp using dynamical decoupling.

This is an optimization problem: generically decoherence worsens with increas-
ing T', while closed-system adiabaticity improves.
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E-len_lentary Dynamical Decoupling

e —— — e e e e . S —

A pulse producing a unitary evolution P, such that

PH P =-H, ie.,{P,Hy}=0

X X - XZX=—Z =>
"time reversal”,
_SB | H{{ SB | L n '
g H <g averaged 1o zero
HEE& :/?.Z® B (In 1* order Magnus expan.)

Ideal (zero-width) pulses, and ignoring H.:

Pexp(—itH )P exp(—itH.,) = exp(—it PH . P" ) exp(—itH;)
=exp(itH ;) exp(—itH)=1 |

QIS
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QIS

A pulse producing a unitary evolution F, such that

PH P =—-H,, ie.,{P,Hy}=0

X X e XZX--7 =
"time reversal”
: E"-FEL {{5 ol 4 ’
— H, averaged to zero
H‘}H :,12@ B (1n 1* order Magnus expan.)

Ideal (zero-width) pulses, and ignoring H:

Pexp(—itH, )P exp(—itH )= exp(—it PH P ) exp(—itH,)
=exp(itH )exp(—itH)=1
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Elementary Dynamical Decoupling

A pulse producing a unitary evolution Z, such that

PH P ' =—-H, ie.,{P,Hy}=0

X X N XZX =7 =
H.__ — " "time reversal”,
't = e
— =——  H_, averaged to zero
H"E-B = /:LZ @ B (In 1* order \'1.{__:‘-__:'____‘3 cxpan.)

Ideal (zero-width) pulses, and ignoring H:

Pexp(—itH, }P+ exp(—itH ;)= exp{—frPHﬁF" yexp(—itH ;)
=exp(itH  )exp(—itH )= 1

QIS
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Dynamical Decoupling against Arbitrary Interactions

Approximately remove a general /., from the evolution:

“Syvmmetrizing group” of pulses { . } and their inverses are applied in series:

(grEey)--- (818, Mg £g) = exp(—rrz g'H_ g)
£ = exp(—iH ,7)

first order Magnus expansion

H o Z 2, H w8 = 0 Dynamical Decoupling Condition

(more generally: projection into group commutant)

For a qubit the Pauli group G={X Y.Z.] } (& pulses around all three axes) removes an arbitrary H,

(X£X) (Y£Y) (Z£Z) (IfI) =XfIfZEXfZf

(we will focus on qubits)

Periodic DD: periodic repetition of the universal DD pulse sequence
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Elementary Dynamical Decoupling

e ——— A — — — e

A pulse producing a unitary evolution F, such that

PH P ' =—-H, ie.,{P,Hy}=0

X X - XZX-—Z =
"time reversal”,
Hy| | Hg| | '
— H ., averaged to zero
H‘SH —AZX B In 1* order Magnus expan.)

Ideal (zero-width) pulses, and ignoring H:

Pexp(—itH, )P exp(—itH,,) = exp(—ir PH  P") exp(—itH;)
— e:(p(!?.'Hﬁ } exp{—irHSE \} =¥
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Dynamical Decoupling against Arbitrary Interactions

Approximately remove a general H ., from the evolution:
“Symmetrizing group” of pulses { . } and their inverses are applied in series:

(grE8y)--- (218, Ng £8)) = exp(—ffz g'Hgg,)
£ =exp(—iH ,.7)

first order Magnus expansion

H — Z g =0 Dynamical Decoupling Condition

SE
(meore generally: projection into group commutant)

For a qubit the Pauli group G={X Y. Z.] } (& pulses around all three axes) removes an arbitrary H; :

(X£X) (YY) (Z£2Z) (IfI) =XfZEXFZf

(we will focus on qubits)

Periodic DD: periodic repetition of the universal DD pulse sequence
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Dynamical Decoupling against Arbitrary Interactions

Approximately remove a general /., from the evolution:
“Symmetnizing group” of pulses { g } and their inverses are applied in series:

(grEey)---(81£8,Xg £8)) = exp(—frz g'H_ g)
£ =exp(—iH ,7)

first order Magnus expansion

+ . . =
H . Z 8 H w8 = 0 Dynamical Decoupling Condition

(more generally: projection into group commutant) |

For a qubit the Pauli group G={X Y, Z.] } (7 pulses around all three axes) removes an arbitrary H; :

(X£X) (YY) (Z£2Z) (IfI) =XEZEXFZf

(we will focus on qubits)

Periodic DD: periodic repetition of the universal DD pulse sequence
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DD = a sequence of K pulses applied to the system, forming a group G,
designed to reduce the effective system-bath coupling. Implemented via H(¢).

PDD = a period repetition of the sequence

Parameters:
w = pulse width
T = pulse interval
Te = K(w+ 7) = cycle time
L = number of DD cycles
T = L71,= total time

Transform to interaction picture defined by H.4 + Hp, i.e.,
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DD = a sequence of K pulses applied to the system, forming a group G,
designed to reduce the effective system-bath coupling. Implemented via H¢(%).

PDD = a period repetition of the sequence

Parameters:
w = pulse width
T = pulse interval
Te = K(w+ 1) = cycle time
L = number of DD cycles
T = L7.= total time

Transform to interaction picture defined by H 4 + Hp, i.e.,
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DD = a sequence of K pulses applied to the system, forming a group G,
designed to reduce the effective system-bath coupling. Implemented via Hc(¢).

PDD = a period repetition of the sequence

Parameters:
w = pulse width
T = pulse interval
Te = K(w+ 7) = cycle time
L = number of DD cycles
T = L7.= total time

Transform to interaction picture defined by H 4 + Hp, i.e.,
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O(t) = UL(t) @ UL)U(2)

The “effective error Hamiltonian™:
U (t) = e itHes(t)

Note that in decoupled limit:

T (2) T5B50 ye(e) YL I e, Hogliime) = 0.

H _¢(t) can be calculated using Dyson or (better) Magnus expansion.

Deviation from ideality at final time is quantified by

“error phase”: ® = T'||Hi(T)||

Eow is the "error phase” related to the "decoupling distance™?
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“error phase”: ® = T||H (T)|

Then distance between desired and actual (Lemma 4):

D[p(T), p°(T)] = dp < min[1,(e® —1)/2]
< @& ifd<l.

Minimize error phase = mininize decoupling distance.

[DAL, P. Zanardi & X. Khodjasteh, Phys. Rev. A 78, 012308 (2008)]

Page 63/80
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“error phase”: ® = T||H(T)|l

Then distance between desired and actual (Lemma 4):

D[p(T), /%(T)] = dp < minf1,(e® —1)/2]
< @ fo<1.

Minimize error phase = mininize decoupling distance.

[DAL, P. Zanardi & K. Khodjasteh, Phys. Rev. A 78, 012308 (2008)]
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Error Phase Bound for Periodic DD

[K. Khodjasteh & DAL, Phys. Rev. A 78, 012355 (2008)]

Let

J |Hsall
B “Had +HB||

and assume J7. < 7 (absolute convergence condition of Magnus expansion).

Then (Lemma 5):

JT JT)? 2 -1
®(T) < = MY renp (AL L
T+ W | 3 2071¢
P — ~ —— .
error due to error due to terms not removed
finite pulse width by first order DD procedure

Pirsa: 08100039 Page 65/80
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Joint AQC-DD Optimization for Local Hamiltonians

Recall gap condition for efficient AQC algorithms:
A(n) ~ Agn™*, z = dynamical critical exponent
For local Hamiltonians H_4 and Hp:

8 = ||H.q + Hpl| ~ O(n?)

Recall closed system adiabaticity theorem, ensuring error small if N is large:

1 H._,|I2 =
1 1

~ —N=H1 3‘1’132_4:KL(T+1U)
v 0

Given and fixed parameters of the problem are J, Ag, and z.
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Need to ensure that each of the terms upper bounding ®(T') vanishes as a
function of n.

This is the case that if pulse interval T and pulse width w scale as

= n_(32+3+51)/ﬂg, S n—(62+5+E1+E2)/J ‘

with € > 0 and e2 > 0.

For then, using Lemmas 4 & 5:

_dp S n™2+ (J/Ag)’n~ 11741 + (J/Ag)n~1 "=5" 0

= Using PDD with properly chosen parameters we can obtain arbitrarily
accurate AQC.

Shortcoming: pulse intervals and widths must shrink with n as a power law...

Could perhaps be remedied by employing concatenated DD.
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Need to ensure that each of the terms upper bounding ®(T') vanishes as a
function of n.

This is the case that if pulse interval T and pulse width w scale as

f == n—(3z+3-i-£1)fﬂm S n—(ﬁz-i-5+ﬁl+e2)/J J

with €1 > 0 and e3 > 0.

For then, using Lemmas 4 & 5:

n—og

dp S n~2 + (J/Bg)°n~ 1171 + (J/Ag)n~1 "5 0

= Using PDD with properly chosen parameters we can obtain arbitrarily
accurate AQC.

Shortcoming: pulse intervals and widths must shrink with n as a power law...

Could perhaps be remedied by employing concatenated DD.
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Need to ensure that each of the terms upper bounding ®(T") vanishes as a
function of n.

This is the case that if pulse interval T and pulse width w scale as

\ T~ n—(iz-!**g—hel)/ﬂuj Wy~ n—*(ﬁz+§+el+ez)/‘] ‘

with €1 > 0 and 3 > 0.

For then, using Lemmas 4 & 5:

n—og

Ldp S n”2 + (J/AgfPn 1<) + (J/Agin1 =57 0
= Using PDD with properly chosen parameters we can obtain arbitrarily
accurate AQC.

Shortcoming: pulse intervals and widths must shrink with n as a power law...

Could perhaps be remedied by employing concatenated DD.
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In conclusion we've (almost) proven the Theorem:

AQC can be performed with a fidelity approaching 1 as a power law
in the system size, [using only 2-local Hamiltonians, in the presence of l-local noise],
assuming access to (dynamical decoupling) pulses whose width and
intervals shrink as a power law in the system size. The latter power
law exponent is linear in the dynamical critical exponent of the closed

system.
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AQC can be performed with a fidelity approaching 1 as a power law
in the system size, [using only 2-local Hamiltonians, in the presence of l-local noise],
assuming access to (dynamical decoupling) pulses whose width and
intervals shrink as a power law in the system size. The latter power
law exponent is linear in the dynamical critical exponent of the closed
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Concatenated Universal Dynamical Decoupling

Nest the universal DD pulse sequence into its own free evolution periods £ :

p(l)=X £ E £ X £ z £
P(2)=X p(1)Z p(1)X p(1)2Z p(1)

etc.
Level Concatenated DD Series after multiplying Pauli matrices
1 XfZEXEZ L
2 FI X IV XL FIfXFZfYSEEXEESF
3 XEZEXELEYELEXELEELEXELEYELEXELELELENELEYELEXELELTEXELEVELEXELENELE

XY XL X Y L XL L e L R LT T I X CEL LI LR LY LXLL I

Length grows exponentially; how about error reduction?

QIS [Khodjasteh & Lidar, PRL 95, 180501 (2005)] |
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Experiments by Steve Lyon, Princeton University

Coherence vs. concatenation level

Concatenated XZXZ pulse sequence

p, (4 pulses)

p, (14 pulses)
2 W\ p, (60 pulses)
= TN\ P, (242 pulses)
E LR N p, (972 puises)
i g ‘. \ \ 8 \ 5
u;_i \h ";.-,__I.#I \ Tz = ISmS

0.0 . ‘\“‘N ﬂ‘. "’NRH’M—-—‘.__.

0 5 10 15 20 25 30 35 40 45 50
Time (ms)
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Phosporus donors in Silicon: dynamical decoupling of nuclear spi
Experiments by Steve Lyon, Princeton University

Coherence vs. concatenation level

Concatenated XZXZ pulse sequence
p, (4 pulses)

p, (14 pulses)
p, (60 pulses)
p, (242 pulses)

| \ P, (972 pulises)

Echo Intensity

15 iﬂ: 25 30 I35 40 -45 50
Time (ms)
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PDD vs CDD

1. Periodic 2 10 ;'3; -
T - 1 e State +Y
g 054 —8
: | State +X
E—E DU I : I - . | T '
a1l . 0 5 10 s 20 05 N
TE Number of Repeats
2. Concatenated 1.04 o—8——8——¢ E

State +X State +Y

S
o

d 1 2 | 3 4
Concatenation Level [lgg(jime)]

relative echo intensity
o
W
J




