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Abstract: A recent breakthrough in quantum computing has been the realization that quantum computation can proceed solely through single-qubit
measurements on an appropriate quantum state. One exciting prospect is that the ground or low-temperature thermal state of an interacting quantum
many-body system can serve as such a resource state for quantum computation. The system would simply need to be cooled sufficiently and then
subjected to local measurements. It would be unfortunate, however, if the usefulness of a ground or low-temperature thermal state for quantum
computation was critically dependent on the details of the system's Hamiltonian; if so, engineering such systems would be difficult or even
impossible. A much more powerful result would be the existence of a robust ordered phase which is characterized by the ability to perform
measurement-based quantum computation. [&rsquo;ll discuss some recent results on the existence of such a computational phase of matter.
|&rsquo;ll first outline some positive results on a phase of atoy model that contains the cluster state. Then, in a realistic model of coupled spin-1
particles, 1&rsquo;ll demonstrate the existence of a computational phase. This result is obtained by using a local measurement sequence to
&ldquo;renormalize& rdquo; the state to a computationally-universal fixed point. Together, these results revea that the characterization of
computational phases of matter has a rich, complex structure &ndash; one which is still poorly understood. Joint work with Gavin Brennen,
Akimasa Miyake, and Joseph Renes.
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Measurement-based quantum computing

Vo rag 46, Mouaes 22 FEYSIC AL REVIEW LETTERS T8 Nbwe 200

0 Quantum computing can P
proceed through measurements ot e St St

Yo PireLk, § i by ihrvaemdomes e Pt Wlsew, CoemmEy
Rovereedd 2% (hcivsher ik

rather than unitary evolution A ———

emrdiar ol oof ekt ol e clasier by, The oo e aved ooy A eanm
o e stabe. iy deEmry

O Measurements are strong and B e L o i B
incoherent: easier? information flow -
i Wi Bkec iz B

) ] e - ] - a3

« 1

skalits arc Ui

e
*
-
e
=
—
il

Uses a resource state such as the
cluster state: A%

O a universal circuit board > SN

0 a lattice of spins in a specific
entangled state EL2 N )

—f e

guantum gate

n
= Q 2

e R rh

Pirsa: 09110025 Page 4/88



Measurement-based quantum computing

VoL DNE 36, Nuusee 27 PEYSICAL REVIEW LETTERS 23 Mar 2004
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Computational properties — properties of states
Q: What makes the cluster state work?

Q: What properties of a state are necessary?
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Resource states & Hamiltonians

0 Resource states can be:
OO0 constructed with unitary gates

0 the ground state of a coupled
quantum many-body system
(Raussendorf et al.)

ITP Innsbruck
wwew.aibk.ac.at/th-
phvsik/go/research/
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Resource states & Hamiltonians

0 Resourcestates can be:
0 constructed with unitary gates
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Resource states & Hamiltonians

0 Resourcestates can be:
0 constructed with unitary gates

0 the ground state of a coupled
quantum many-body system
(Raussendorfet al.)
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"close” to the desired cluster
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Hcluster S L= X=Z
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Central idea: identify suitable order parameters that characterize the
Pirsa; 09110025 ability to perform MBQC on a state Page 10188



Identifying phases, part 1
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MBQC gates and correlation functions

O With a cluster state, you can teleport a qubit (identity gate)
between any two points on the lattice using local
measurements on the qubits in between
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MBQC gates and correlation functions

O With a cluster state, you can teleport a qubit (identity gate)
between any two points on the lattice using local
measurements on the qubits in between
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MBQC gates and correlation functions

O With a cluster state, you can teleport a qubit (identity gate)
between any two points on the lattice using local
measurements on the qubits in between
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MBQC gates and correlation functions

O With a cluster state, you can teleport a qubit (identity gate)
between any two points on the lattice using local
measurements on the qubits in between
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MBQC gates and correlation functions

O With a cluster state, you can teleport a qubit (identity gate)
between any two points on the lattice using local
measurements on the qubits in between

0 Measurement outcomes

X‘_X determine a Pauli

correction to gate

1 Other gates are given
by different
measurement patterns

O Performance of a gate is
quantified by the fidelity
of the resulting
entangled state
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

/\ Measurement projector

p="3,;U;P;poPsU} g

Unitary correction
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

/\ Measurement projector

p=2.;UsPsipoPsU; ¢

Unitary correction

_{Bpm= ZJTI'[(AB)L"JPJPOPJLT}] = ZJTI[(-'IBJ)PJPOPJ]
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

(/_\ Measurement projector

p=2_3UsPspoPsU} g

Unitary correction

=2y IX(AB)U PypoPU;| =3 ; Tx[(ABy) Pypo Py
Magic: (AB;)P; = P;ASB B; = U;BU;
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

/_\ Measurement projector

p=2>_3UsPspoPsU}

Unitary correction

\AB) = S Tr{(AB)U;PypoP;UY] = 3, Tr[(AB;) Pypo Py]

Magic: (ABj;)P; = P;ASB’ By = L’I-JBL;T}
AB) = Tr[(ASB’)po|
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Example: Cluster-state gates

Alice measure Bob
| /N i
9 0 90 ¢ ® 0O 9 © 9©
Z X X X X X X X Z
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise pfiases which are
universal for MBQC

/_\ Measurement projector

p=2_3UsPspoPsU} s

Unitary correction

(AB) = ¥, Tr{(AB)U;PypoP;U}] = ¥, Tr[(AB;) Pypo Ps]

Magic: (AB;)P; = P;ASB’ B, = U;BU}

(AB), = Tr|(ASB')pu]
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Example: Cluster-state gates

Alice measure Bob
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9 9 ©® ©® © ® © ® ©® 0 °
Z X X X X X X X Z
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Example: Cluster-state gates

Alice measure Bob

| /lN i
9 @ & 0 © © ©® ©® © °
pA X X X X X X X Z

(XX)pm = (Z2; 1 (2322:2—1 sz) Z2;_1)
(ZZ)pm = (Z2; (ZE_I Xz::—:-l) Z2;)
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Example: Cluster-state gates

Alice measure Bob
| VAR R ¥ |
9 0 9 © ©® © ©® ©® ©o ©
A X X X X X X X Z
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String-like order parameter X Y — Z2 1 (E X ) ZQ'_1
Quantifies fidelity of 1- { yom = (Z2; - ok ) Z25_1)

e R {(ZZYpm = {Z2; (Zk_., sz—l—l) Z2;5)
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Example: Cluster-state gates

Alice measure Bob
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Cluster Hamiltonian with transverse field

H=- ) K;+ BX;

sites 12

Pirsa: 09110025



Cluster Hamiltonian with transverse field
H=- ) K;+ BX;

sites 12 \

cluster state stabilizer
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Cluster Hamiltonian with transverse field
H=- ) K;+ BX;

sites 12 \

cluster state stabilizer

OO0 Model has long-ranged cluster MBQC gate’ order in the B<1 phase
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Cluster Hamiltonian with transverse field
H=- ) K;+ BX;
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cluster state stabilizer
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Cluster Hamiltonian with transverse field
H=—- ) K;+ BX;

sites 12 \

cluster state stabilizer

OO0 Model has long-ranged cluster MBQC gate’ order in the B<1 phase
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Conclusions 1.0

O
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Quantum gates — correlation functions — order parameters
to identify universal phases for MBQC

MBQC is a new type of long range "string” order

Problem: the " cluster Hamiltonian’ is a toy model that
does not describe a realistic system

Can we apply these results to a realistic spin system?
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Example: Cluster-state gates
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Cluster Hamiltonian with transverse field

H=- ) K;+ BX;

sites 12
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Quantum gates — correlation functions — order parameters
to identify universal phases for MBQC

MBQC is a new type of long range "string” order

Problem: the " cluster Hamiltonian’ is a toy model that
does not describe a realistic system

Can we apply these results to a realistic spin system?
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Identifying phases, part 2
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Affleck-Kennedy-Lieb-Tasaki (AKLT)
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Rotationally-invariant spin chains

O Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.
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Affleck-Kennedy-Lieb-Tasaki (AKLT)
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Rotationally-invariant spin chains

0 Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.

0 AKLT state (1987): solution for a spin-1 Heisenberg chain with a gap.

H = ZL(S'; : §i+1) ] %(52 ' §i+1)2 =3 P
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Affleck-Kennedy-Lieb-Tasaki (AKLT)

Ry

Rotationally-invariant spin chains

0 Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.

0 AKLT state (1987): solution for a spin-1 Heisenberg chain with a gap.

H = Z 1+1) T %(S_:a '§i+1)2 — Z P a+1

0 Ground state: valence bond solid / projected entangled pair state (PEPS)
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p p P = ftriplet projection (isometry)
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AKLT as a Matrix Product State

O PEPS yvields a Matrix Product State (MPS) description of the AKLT ground
state

) =D b, 5,3 012 0n)(0n, -+~ 05,00, ) B[¥ ) 4B
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Affleck-Kennedy-Lieb-Tasaki (AKLT)
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Rotationally-invariant spin chains

0 Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.

0 AKLT state (1987): solution for a spin-1 Heisenberg chain with a gap.

b

H=Y,8-5:11)+3S:-Sin)? =3, P/

OO0 Ground state: valence bond sclid / projected entangled pair state (PEPS)
i W3 NN o W5

0 1\““"'/'1 2\""“'”% 7 '
p p P = ftriplet projection (isometry)
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AKLT as a Matrix Product State

O PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

U) =2 5, b1 1012 Dn) (00, -+~ 08,00, ) B[ ) 4B
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AKLT as a Matrix Product State

O PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

) =2 (b, 5,3 101 bn) (00, -+~ 00,06, ) B|¥ ) 4B

y) =—|Jy =0) = ——5(|: =1) + |J: =-1)) o2 =XZ
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AKLT as a Matrix Product State

O PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

‘U) — Z{bl...bn} ’bl s -b'n>(o-bﬂ .o 'O'bQO'bl)Bllj[’_>AB
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Affleck-Kennedy-Lieb-Tasaki (AKLT)
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Rotationally-invariant spin chains

0 Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.

0 AKLT state (1987): solution for a spin-1 Heisenberg chain with a gap.
_ & /@ .8 .3\ _ J=2
H = Z:;‘,(S% ) Sz+1) 13 3(S-a ; Serl) — Zz Pi.£+1

0 Ground state: valence bond solid / projectad entangled pair state (PEPS)
= N T oy o)
: (o & - Lo @

o 9 & - 9 o—9
0 1 1 ;""—'"Hi \“""/' ]

p p P = ftriplet projection (isometry)
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AKLT as a Matrix Product State

O PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

) =D b, 5,3 01 0n)(0b, -+~ 05,00, ) B[¥ ) 4B
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AKLT as a Matrix Product State

0 PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

) =2 _tb,.5,1 101 0n) (00, - 00,00, ) B|¥ ) 4B
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AKLT as a Matrix Product State

0 PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

) =D 5, 5,1 101 -bn)(0b, -+~ 0b,00,) B|¥ ) 4B
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AKLT as a Matrix Product State

0 PEPS yields a Matrix Product State (MPS) description of the AKLT ground

state

W) — Z{bl...b
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Affleck-Kennedy-Lieb-Tasaki (AKLT)
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Rotationally-invariant spin chains

0 Haldane conjecture (1983 ): ground state properties of Heisenberg spin
chains depend on the spin. Integer spin chains are gapped.

0 AKLT state (1987): solution for a spin-1 Heisenberg chain with a gap.

H=Y .S Sin)+S;-Sin)?=Y, P’

0 Ground state: valence bond solid / projectad entangled pair state (PEPS)

W) )
/_,--"—"-\\ B -—_/;-'—"-.\\I——-.

P = ftriplet projection (isometry)

Pirsa: 0911002 Page 52/88

A



AKLT as a Matrix Product State

0 PEPS yields a Matrix Product State (MPS) description of the AKLT ground

state
w) — Z{blbn} [bl e 'bn>(0-bﬂ S O-bzo-bl)B‘l:[I_>‘AB
z) =—{Je=0)=—=(J: =1) - |J. =-1)) or =X
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AKLT as a Matrix Product State

O PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

V) =2 (b, b,y 101+ -bn) (00, -+~ 05,06, ) B|¥ ) 4B

;:S:} = —|Jz = > — _f_j(iJ: _ 1} — . = _1:}) d1 == X
z) = .. =0) o3 =4
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AKLT as a Matrix Product State

0 PEPS yields a Matrix Product State (MPS) description of the AKLT ground
state

U) =D 5, 5,1 101 -bn) (00, - 0b,00,) B|¥ ) 4B

@) =—|de =0) =—Z(| =1) — | & =—1)) o1 =X
y) =—|Jy =0) = _ﬁ('*]z =1)+|. =-1)) g2 =XZ
|z) = |J, =0) ox — 4

L = - N
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Single-qubit rotations on the AKLT state

) =D tp,. 5,3 012 0n)(0b, -+ 05,00, ) B[¥ ) 4B

|zg) = |x) X
\Yg) =cosB/2ly) +ismb/2|z) XZR.(9)
|zg) = ism@/2|y) + cos@/2|z) ZR.(9)
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Single-qubit rotations on the AKLT state

0 PEPS vields a Matrix Product State (MPS) description of the AKLT ground
state

V) =215, 5,1 101---Dn) (00, -~ 0b,00,)B|¥ ) 4B

"xﬂz :‘.I‘> X

\Yg) =cosB/2ly) +isinf/2|z) XZR.(9)
|zp) = isin0/2|y) + cos@/2|z) ZR.(9)

irsa: 09110025 Page 57/88



Single-qubit rotations on the AKLT state

O PEPS vields a Matrix Product State (MPS) description of the AKLT ground
state

V) =D g, 5,3 012 0n)(0n, -+~ 0b,00,) B[¥ ) 4B

zg) = |x) X
1yp) =cosB/2|y) +ismb/2|z) XZR,(0)
|zp) = isin@/2|y) + cos@/2|z) ZR.(9)

0 Rotation is probabilistic, but heralded. (First outcome: try again.)
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MBQC using AKLT states

PRL 10 010502 (2008, PHYSICAL REVIEW LETTERS fIL'LYIIm]f%

Measurement-Based Quantum Computer in the Gapped Ground State
of a Twe-Body Hamiltonian

Gavin K. Brennen'~ and Akimasa Mivake™
'Department of Plvsics. Macquarie University. Svdmey. NSW 209, Australia
~Instisute for Quantum Optics and Juantam Information. Austrian Academy r,r Seiences. Innsbruck. Austria
*Institute for Theoreticai Physics, University of Inmsbruck, Technikerstrasse 25, A-6020 Innsbruck. Ausiria
i Recewved |2 March 2008: published I Faly Wi
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0 Gap protects against
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Pirsa: 09110025 Page 59/88



MBQC with AKLT

O AKLT state has two key properties:

0 Simple: algebraic properties of MPS
make MBQC clear and intuitive

0 Realistic: some physical systems
are well described by it
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MBQC with AKLT ...

OO0 AKLT state has two key properties:
0 Simple: algebraic properties of MPS
make MBQC clear and intuitive

0 Realistic: some physical systems
are well described by it

OO0 The AKLT point is part of an ordered
phase, that also contains the
'Heisenberg point’

=Y. 0039(5}; : §:+1) +si]19(§g : §i§—1)2
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MBQC with AKLT ..o

O AKLT state has two key properties:

0 Simple: algebraic properties of MPS *.-’
make MBQC clear and intuitive 3

0 Realistic: some physical systems
are well described by it

0 The AKLT point is part of an ordered
phase, that also contains the R s e
'Heisenberg point’
H Zi C{}S@(Si : Sg_;_l) + sin 9(53 : S.a;;_l)g tan akiT = 1;;3

O Haldane phase is gapped, so thermal
protection would persist

O Is MBQC a robust feature of ground
states in the entire Haldane phase?
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

/\ Measurement projector

p=>_;UsPspoP;U;

Unitary correction

(AB) = ¥, Tx[(AB)U, Pspo PyU}| = ¥, Tr[(AB;) Py po Py]

Magic: (AB;)P; = P;ASB’ B; = L‘FJB_U}
(AB) = Tr[(ASB’)po]

irsa: 09110025 Ch u n g.f Ba rtIEttF DOhert%age 63/88
Can. J. Phys. 87, 219 (2009)



' MBQC gates and correlation functions

Approach: Quantum gates as correlation functions
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

FErFPYPrrIIYY

(XX)pm = (XV. X)

= =0F . exilind;:
(22 e — (ZVE:Z> r—1 €XP( z)
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

k#éé**####é%%’

(XX)pm = (XV. X)

5 = QR . exp(inJ,,
(22)pm = (2V.2) S

Remarkable result: due to rotational-invariance of our
Hamiltonian, these order parametersare 1 at any length, for

any ground state in the Haldane phase See Popp et al.

PRA 71, 042306 (2005)

Order parameters exist to quantify the identity gate, and are long-
rsaocs F@anged in the Haldane phase page 66158



Numerical results

O Find ground states of the open/fixed chain using DMRG
O Localizableentanglement = 1 throughout Haldane phase

[0 Rotation fidelity drops off slowly with theta

Rotated XX vs 4 (/4 Z-rotation)
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Why are rotations failing?

O Re-expressthe Hamiltonian as

H T
H(Oakvr +¢) = Hakur + ge ;-1 SWAP; j 11
O Ansatz:

|gs(0)) ~ o|AKLT) + ) -, G;SWAP; ;11 |AKLT)

O Identity gate: SWAP-invariant, only total numberof X, Y, Z’s
matter

O Rotation gates: buffer them against SWAP errors

iRy
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Why are rotations failing?

O Re-expressthe Hamiltonian as

H(QPLKLT -+ E) . H:XKLT + %E Z;l:l SWAPJJ_|_1
OO0 Ansatz:

gs(8)) ~ a|AKLT) + 37, 3;SWAP; ;.1 |AKLT)

O Identity gate: SWAP-invariant, only total number of X, Y, Z’s
matter

O Rotation gates: buffer them against SWAP errors

Z Z(7) Z
¥ 3 3

S pbppipiddids
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Why are rotations failing?

O Re-expressthe Hamiltonian as

H(OakLT +¢) = Hakr -|— ZJ 1 SWAP; j 11
0 Ansatz:

gs(6)) ~ a|AKLT) + 37, 3;SWAP; ;.4

)

O Identity gate: SWAP-invariant, only total number of X, Y, Z’s
matter

O Rotation gates: buffer them against SWAP errors

Z Z(7) Z X X(9) X
¥ 3 3 ¥ 3 3

(FEERRE AR A
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Buffered rotations

Comparison of rotated XX vs ¢ (=/4 Z-rotation)

1 level of o |
buffering — 1
ose "
! %
i No buffering
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Buffering as renormalization?

—$hEEE AR
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Buffering as renormalization?

(544

s 55545544



Buffering as renormalization?

BES Sl o
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Buffering as renormalization?

RS SRR A
} !

| !

e S
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| | ! |
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OO0 Renormalization — AKLT as fixed point for Haldane phase*

FA paw

-
e
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l'“'-u.
e =3
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T e =g e e
g e g i —
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e e
& - S O
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1
v
|
|
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* actually much more
rgommplicated. See Werinstein Page 76/83
PRB 63, 174421 (2001)



Buffering as renormalization?

s #4954l 44]
| | } |
e

OO Renormalization — AKLT as fixed point for Haldane phase*

Rl o

oo ] - postselectad

L | amplitude
s - i
— gL
- -_.L B . ""-.__\_ e S
i3 [ L 'T"‘-!:.___ o '--_:_-"'\--___- Rt E. -
S R
| e
]

. w . Keep low- é

* actually much more
reomplicated. See Weinstein Page 77/88
PRB 63, 174421 (2001)



Conclusions 2.0

O Quantum gates — correlation functions — order parameters
to identify universal phases for MBQC

O MBQC is a new type of long range “string” order

O Local filtering can renormalize the system — general?
O Short-ranged “errors” removed (probabilistically)

O Long-ranged MBQC order retained

Outlook

0 Finite temperature
OO0 Higher dimensions
OO0 Adiabatic gate teleportation vs MBQC
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Buffering as renormalization?

{$4# 444444
| | | }
S

O Renormalization — AKLT as fixed point for Haldane phase*

S poie
e - postselected
=, | ) , amplitude

¥

= — . St
S R S states
s N ) Sy i oy
e e e —— e, = e - et =
13 [ ¥ el e e e ot o i -
N
[ l ot -:-"";-.

i g . RN é

* actually much more
ra@mplicated. See Weinstein Page 79/88
PRB 63, 174421 (2001)



Buffered rotations

Comparison of rotated XX vs ¢ (/4 Z-rotation)

| 3 ip = ——

_._FPF"'-...-F"'H.F.- H"“-\,_ =

.

1 level of
buffering —

B R A e e =

™7

iy
\-\.
N\

No buffering

....
e B el S T
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Why are rotations failing?

O Re-expressthe Hamiltonian as

H(QALKLT i 3 E) . H:\KLT + %E Z?:l SWAPJJ_|_1
OO0 Ansatz:

\gs(f?)) s O:‘AKLT> + Z;l:l «3} S“’TAPj_jg_l‘ﬂLKLT>

O Identity gate: SWAP-invariant, only total number of X, Y, Z’s
matter

0 Rotation gates: buffer them against SWAP errors

Z Z(9) Z X X(8) X
¥ 3 3 ¥ 3 3

Ry
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MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

- 7 Comeiotion functions” >

/_\ Measurement projector

p=> ;U;P;poP,;U] -

Unitary correction

—- ZJTY[(:lB J’PJPOPJ ] ZJTI-[ ‘IBJ' PJP@PJ]

Magic: (AB;)P; = P;ASB’ B = _L’JBU}
— Tr[(ASB’)po]

Pirsa: 09110025 Chungl‘ Bar—tIEttr Dﬂhert%age 82/88
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O
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MBQC with AKLT ey &

AKLT state has two key properties:

0 Simple: algebraic properties of MPS +.
make MBQC clear and intuitive .

0 Realistic: some physical systems
are well described by it

The AKLT point is part of an ordered . e g s o
phase, that also contains the PRA 75, Sg{igm?m'(.z@%p}im
'Heisenberg point’

H— Zz COSQ(S; . 5;_1) + sin 9(52 . §g+1)2 tan akrT = 1;“’3
Haldane phase is gapped, so thermal
protection would persist

Is MBQC a robust feature of ground
states in the entire Haldane phase?

Page 83/88



MBQC with AKLT
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L

[

Single-qubit rotations on the AKLT state

PEPS vields a Matrix Product State (MPS) description of the AKLT ground
state

V) =2 tp,..6,1 101---bn)(0b, -+ 05,00, ) B|¥ ) 4B

) = |T) X
1Y) = cos@/2)y) +ismb/2|z) XZR.(9)
|zp) = isin@/2|y) + cos8/2|z) ZR.(9)

Rotation is probabilistic, but heralded. (First cutcome: try again.)

irsa: 09110025 Page 85/88



MBQC gates and correlation functions

Approach: Quantum gates as correlation functions

B Order parametersto characterise phases which are
universal for MBQC

o Comeloton fanctions: >

/\ Measurement projector

p= ZJL-TJPJPQPJ[rj T

Unitary correction

(AB) = ¥, Ti[(AB)U;P;poP;U}] = ¥ Tr[(AB;) Pspo P)]

Magic: (AB;)P; = P;ASB’ B, =U,B Ujf,
(AB) = Tr[(ASB’)po]

irsa: 09110025 Ch un g.f Bar—tIEttr Dﬂhert%age 86/88
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Why are rotations failing?

O Re-expressthe Hamiltonian as

H(Q*&KLT g3 E) . H:\LKLT + %E Z?:l SWAPJJ_|_1
0 Ansatz:

|gs(0)) ~ a|AKLT) + ", G;SWAP; ;11 |AKLT)

O Identity gate: SWAP-invariant, only total numberof X, Y, Z’s
matter

O Rotation gates: buffer them against SWAP errors

ST
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Why are rotations failing?
O Re-expressthe Hamiltonian as

H(QALKLT + E) . H:\LKLT + %E Z?:l SWAP}J—I—I
0 Ansatz:

gs(0)) ~ a|AKLT) + > ";_, 3;SWAP; ; ., |AKLT)

OO0 Identity gate: SWAP-invariant, only total number of X, Y, Z’s
matter

0 Rotation gates: buffer them against SWAP errors

Z Z(9) Z X X(8) X
¥ 3 3 ¥ 3 3

IR TR

irsa: 09110025 Page 88/88



