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For GHZ state:

Note
translational invariant

Also
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• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Deriving the canonical MPS for a given state Schollwöck 1008.3477

• reshape into  matrix
<latexit sha1_base64="a8ugJKvB/qX55WNq4/Z2cCUxOsM="></latexit>

2→ 2L→1

L=4 GHZ 1 x 16

2 x 8

• QR decomposition (alternative: Singular Value Decomposition) =

• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2
etc.

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Deriving the canonical MPS for a given state Schollwöck 1008.3477

• reshape into  matrix
<latexit sha1_base64="a8ugJKvB/qX55WNq4/Z2cCUxOsM="></latexit>

2→ 2L→1

L=4 GHZ 1 x 16

2 x 8

• QR decomposition (alternative: Singular Value Decomposition) =

• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2
etc.

<latexit sha1_base64="6zOhYM17zeMW4vj170uCSw5UKl0="></latexit>

|ω→ =
∑

ω1,...,ωL=0,1

Aω1Aω2 . . . AωL |ε1 . . .εL→

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Deriving the canonical MPS for a given state Schollwöck 1008.3477

• reshape into  matrix
<latexit sha1_base64="a8ugJKvB/qX55WNq4/Z2cCUxOsM="></latexit>

2→ 2L→1

L=4 GHZ 1 x 16

2 x 8

• QR decomposition (alternative: Singular Value Decomposition) =

• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2
etc.

<latexit sha1_base64="6zOhYM17zeMW4vj170uCSw5UKl0="></latexit>

|ω→ =
∑

ω1,...,ωL=0,1

Aω1Aω2 . . . AωL |ε1 . . .εL→ No  
<latexit sha1_base64="9sqMII0Qs3Y7g6vSrWxL2c1Xuio="></latexit>

→L|, |R↑

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Deriving the canonical MPS for a given state Schollwöck 1008.3477

• reshape into  matrix
<latexit sha1_base64="a8ugJKvB/qX55WNq4/Z2cCUxOsM="></latexit>

2→ 2L→1

L=4 GHZ 1 x 16

2 x 8

• QR decomposition (alternative: Singular Value Decomposition) =

• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2
etc.

<latexit sha1_base64="6zOhYM17zeMW4vj170uCSw5UKl0="></latexit>

|ω→ =
∑

ω1,...,ωL=0,1

Aω1Aω2 . . . AωL |ε1 . . .εL→

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Deriving the canonical MPS for a given state Schollwöck 1008.3477

• reshape into  matrix
<latexit sha1_base64="a8ugJKvB/qX55WNq4/Z2cCUxOsM="></latexit>

2→ 2L→1

L=4 GHZ 1 x 16

2 x 8

• QR decomposition (alternative: Singular Value Decomposition) =

• reshape

<latexit sha1_base64="zp8RMy1KvA1lMlWPoxTWKbB77RQ="></latexit>

1→
2





1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1



 4 x 4

• QR decomposition
=

<latexit sha1_base64="oeHRJivk3CvU/dRa9O2g7uTIwpc="></latexit>



1 0
0 0
0 0
0 1




1→
2

(
1 0 0 0
0 0 0 1

)
<latexit sha1_base64="WK5dv5rhglAxM7YNinnPAAYjPu8="></latexit>

!(a1ω2),(ω3...ωL) =
∑

a2

Q(a1ω2),a2
Ra2,(ω3...ωL)

• reshape
<latexit sha1_base64="K95FJCK++1VRttXrUbQle12Jj3U="></latexit>

=
∑

a2

Aω2
a1,a2

!(a2,ω3)(ω4...ωL)

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)
<latexit sha1_base64="wwT++BTFKCpx7edtzrgj4mR0tIo="></latexit>

1→
2





1 0
0 0
0 0
0 1



 4 x 2
etc.

<latexit sha1_base64="Dph8UzCHGGdRCSPfJCY9x5hGkbg="></latexit>X

m

Am
i

†Am
i = I (left) canonical

<latexit sha1_base64="Q+84RR1B2j21pYsD7yxINO0PxUQ="></latexit>

|ω→ = 1↑
2
(|0→→4 + |1→→4) =

1↑
2





1
0
...
0
1







Fusion measurements



GHZ states in constant depth via fusion measurements Smith et al 2210.17548

Idea: “fuse” two short GHZ states into one long GHZ state using Bell measurement Probabilistic; correct as needed 

•H

•
<latexit sha1_base64="24hdlwxcOIEyWoxM3B2BY6+F9YU="></latexit>

=
∑

j,ωm

|j→↑j|Amn . . . Am1 |R→|ωm→

<latexit sha1_base64="v5Q77fyFE/XA/oN01mIuOtU+rMY="></latexit>

|ωr→ =
∑

ωm

Amn . . . Am1 |R→|εm→

<latexit sha1_base64="rkAKYh641x2Dk3T4qMzCNUMEolo="></latexit>

=
∑

j,ωm

→j|Amn . . . Am1 |R↑|j↑|ωm↑

•H

•

<latexit sha1_base64="+71/xCBsCEtmqsgQfDEQydajyx4="></latexit>

|ωl→ =
∑

ωm

AmN . . . Amn+1 |R→|εm→

<latexit sha1_base64="y78WjcQ9Lx+jsbUZ210LRfJ3okg="></latexit>

=
∑

i,ωm

→i|AmN . . . Amn+1 |R↑|i↑|ωm↑

<latexit sha1_base64="eDgPRfj95Zih5kRP6GGFKsR4210="></latexit>

|!→ = |ωl→|ωr→ =
∑

i,j,ωm

↑i|AmN . . . Amn+1 |R→↑j|Amn . . . Am1 |R→|ij→|εm→



•H

•

•H

•

• H
x

y

Bell measurement

<latexit sha1_base64="KC8j7ih4U9+zqxG/rtv84oZxifY="></latexit>

|!→ =
∑

i,j,ωm

↑i|AmN . . . Amn+1 |R→↑j|Amn . . . Am1 |R→|ij→|ωm→

<latexit sha1_base64="jqGvNv9vmE6kvpIXWjf1kIc3jq8="></latexit>

|!→ ↑ |!→→ = |ω→↓ω|!→
<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="FNKBA2FJgLuzheyFy14sSPRmMkc="></latexit>

|!→→ =
∑

i,j,ωm

↑R|AmN . . . Amn+1 |i→ωij↑j|Amn . . . Am1 |R→|εm→|ω→

<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j|

<latexit sha1_base64="P751RIs/mkV6tFUNM2ECBgBlesw="></latexit>

|!→→ ↑
∑

ωm

↓R|AmN . . . Amn+1MAmn . . . Am1 |R→|ωm→|ε→

We want to “fuse” the two short GHZ states into one long GHZ state

Bell state



•H

•

•H

•

• H
x

y

Bell measurement

<latexit sha1_base64="KC8j7ih4U9+zqxG/rtv84oZxifY="></latexit>

|!→ =
∑

i,j,ωm

↑i|AmN . . . Amn+1 |R→↑j|Amn . . . Am1 |R→|ij→|ωm→

<latexit sha1_base64="jqGvNv9vmE6kvpIXWjf1kIc3jq8="></latexit>

|!→ ↑ |!→→ = |ω→↓ω|!→
<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="FNKBA2FJgLuzheyFy14sSPRmMkc="></latexit>

|!→→ =
∑

i,j,ωm

↑R|AmN . . . Amn+1 |i→ωij↑j|Amn . . . Am1 |R→|εm→|ω→

<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j|

<latexit sha1_base64="P751RIs/mkV6tFUNM2ECBgBlesw="></latexit>

|!→→ ↑
∑

ωm

↓R|AmN . . . Amn+1MAmn . . . Am1 |R→|ωm→|ε→
A A A AR RM

We want to remove this “defect”!

We want to “fuse” the two short GHZ states into one long GHZ state

Bell state



<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j| Correction (of  “physical” qubits)

<latexit sha1_base64="8YDtz8L0zGIUTC50yWm9nbLRi20="></latexit>

|B00→ =
1↑
2
(|00→+ |11→)

<latexit sha1_base64="HuWhwA8tx/KRN8s4hzWBx+kDR3M="></latexit>

|0→↑0|+ |1→↑1| = I
<latexit sha1_base64="wFc15WUAv28umABPJS3sJp+HH+U="></latexit>

|B10→ =
1↑
2
(|00→ ↓ |11→)

<latexit sha1_base64="hoegszy9+rSMCq1CBCuS/3YmZXQ="></latexit>

|0!" 0| # |1!" 1| = Z

<latexit sha1_base64="M5/QQmxreR2Wyl8HqmN3cn3VBBQ="></latexit>

|B01! =
1

"
2

(|01! + |10! )
<latexit sha1_base64="sjq0yHK9TCVPCsw6iDPew5pkl2M="></latexit>

|0!" 1| + |1!" 0| = X

<latexit sha1_base64="HMebdpsSFIUxGB/ZkOyt3lIYNtE="></latexit>

|B11! =
1

"
2

(|01! # |10! )
<latexit sha1_base64="afUkEJfy3yjwNDDh2ZA5Xc9kYKA="></latexit>

|0!" 1| # |1!" 0| = ZX

<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="My16LMLzcgF5glkHAYZSt7S4MGU="></latexit>

I

?

?

?

Exploit symmetries of MPS!

A A A AR RM



Symmetries of MPS:

A A

A A

Z Z

Z Z A

Z

<latexit sha1_base64="NZhdJCOxMwCMsP/LiHUw4b0UY4c="></latexit>

ZA m Z = Am

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)

<latexit sha1_base64="e7GECk5xrmgdyM5ir8/9wMlqDZ4="></latexit>

ZA m = Am Z =
!

m !

Am !
Zm ! m

For M = Z:

A A A AR RZ A A A AR R

Z correction!

<latexit sha1_base64="8RofKZ4a7bkUPlrXfWLEnac54LQ="></latexit>

m = 0 , 1



<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j| Correction (of  “physical” qubits)

<latexit sha1_base64="8YDtz8L0zGIUTC50yWm9nbLRi20="></latexit>

|B00→ =
1↑
2
(|00→+ |11→)

<latexit sha1_base64="HuWhwA8tx/KRN8s4hzWBx+kDR3M="></latexit>

|0→↑0|+ |1→↑1| = I
<latexit sha1_base64="wFc15WUAv28umABPJS3sJp+HH+U="></latexit>

|B10→ =
1↑
2
(|00→ ↓ |11→)

<latexit sha1_base64="hoegszy9+rSMCq1CBCuS/3YmZXQ="></latexit>

|0!" 0| # |1!" 1| = Z

<latexit sha1_base64="M5/QQmxreR2Wyl8HqmN3cn3VBBQ="></latexit>

|B01! =
1

"
2

(|01! + |10! )
<latexit sha1_base64="sjq0yHK9TCVPCsw6iDPew5pkl2M="></latexit>

|0!" 1| + |1!" 0| = X

<latexit sha1_base64="HMebdpsSFIUxGB/ZkOyt3lIYNtE="></latexit>

|B11! =
1

"
2

(|01! # |10! )
<latexit sha1_base64="afUkEJfy3yjwNDDh2ZA5Xc9kYKA="></latexit>

|0!" 1| # |1!" 0| = ZX

<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="My16LMLzcgF5glkHAYZSt7S4MGU="></latexit>

I

<latexit sha1_base64="GRLkJtaBnqDHAjc0outXuq+EIjM="></latexit>

Z (one)

?

?



Symmetries of MPS:

A

AA

A

A A

Z Z

Z Z A

Z

X X

X

<latexit sha1_base64="NZhdJCOxMwCMsP/LiHUw4b0UY4c="></latexit>

ZA m Z = Am

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)

<latexit sha1_base64="e7GECk5xrmgdyM5ir8/9wMlqDZ4="></latexit>

ZA m = Am Z =
!

m !

Am !
Zm ! m

<latexit sha1_base64="R2wgJyFEV3wvE47+Z65csbKyCR0="></latexit>

XA m X =
!

m !

Am !
X m ! m

For M = X:

A A A AR RX
X X

<latexit sha1_base64="8RofKZ4a7bkUPlrXfWLEnac54LQ="></latexit>

m = 0 , 1

<latexit sha1_base64="OpfpLRHjvDiFj4DDFhjQVthswZg="></latexit>

X |R! = |R!

X X



Symmetries of MPS:

A

AA

A

A A

Z Z

Z Z A

Z

X X

X

<latexit sha1_base64="NZhdJCOxMwCMsP/LiHUw4b0UY4c="></latexit>

ZA m Z = Am

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)

<latexit sha1_base64="e7GECk5xrmgdyM5ir8/9wMlqDZ4="></latexit>

ZA m = Am Z =
!

m !

Am !
Zm ! m

<latexit sha1_base64="R2wgJyFEV3wvE47+Z65csbKyCR0="></latexit>

XA m X =
!

m !

Am !
X m ! m

For M = X:

A A A AR RX A A A AR R

X correction!X

<latexit sha1_base64="8RofKZ4a7bkUPlrXfWLEnac54LQ="></latexit>

m = 0 , 1

<latexit sha1_base64="OpfpLRHjvDiFj4DDFhjQVthswZg="></latexit>

X |R! = |R!



<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j| Correction (of  “physical” qubits)

<latexit sha1_base64="8YDtz8L0zGIUTC50yWm9nbLRi20="></latexit>

|B00→ =
1↑
2
(|00→+ |11→)

<latexit sha1_base64="HuWhwA8tx/KRN8s4hzWBx+kDR3M="></latexit>

|0→↑0|+ |1→↑1| = I
<latexit sha1_base64="wFc15WUAv28umABPJS3sJp+HH+U="></latexit>

|B10→ =
1↑
2
(|00→ ↓ |11→)

<latexit sha1_base64="hoegszy9+rSMCq1CBCuS/3YmZXQ="></latexit>

|0!" 0| # |1!" 1| = Z

<latexit sha1_base64="M5/QQmxreR2Wyl8HqmN3cn3VBBQ="></latexit>

|B01! =
1

"
2

(|01! + |10! )
<latexit sha1_base64="sjq0yHK9TCVPCsw6iDPew5pkl2M="></latexit>

|0!" 1| + |1!" 0| = X

<latexit sha1_base64="HMebdpsSFIUxGB/ZkOyt3lIYNtE="></latexit>

|B11! =
1

"
2

(|01! # |10! )
<latexit sha1_base64="afUkEJfy3yjwNDDh2ZA5Xc9kYKA="></latexit>

|0!" 1| # |1!" 0| = ZX

<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="My16LMLzcgF5glkHAYZSt7S4MGU="></latexit>

I

<latexit sha1_base64="GRLkJtaBnqDHAjc0outXuq+EIjM="></latexit>

Z

<latexit sha1_base64="S3T8qRIajy68IAkGb5r8sEUeqfs="></latexit>

X

(one)

(multiple)

?



Symmetries of MPS:

A

AA

A

A A

Z Z

Z Z A

Z

X X

X

<latexit sha1_base64="NZhdJCOxMwCMsP/LiHUw4b0UY4c="></latexit>

ZA m Z = Am

<latexit sha1_base64="BeW9oubi6nzxb/6Xi3SjGdOLQyI="></latexit>

A0 =

(
1 0
0 0

)

<latexit sha1_base64="n9maAsGMsHPhy1JOUPBUDJbJypY="></latexit>

A1 =

(
0 0
0 1

)

<latexit sha1_base64="e7GECk5xrmgdyM5ir8/9wMlqDZ4="></latexit>

ZA m = Am Z =
!

m !

Am !
Zm ! m

<latexit sha1_base64="R2wgJyFEV3wvE47+Z65csbKyCR0="></latexit>

XA m X =
!

m !

Am !
X m ! m

For M = Z X:

A A A AR RX A A A AR R

X correction!X

Z

Z

<latexit sha1_base64="8RofKZ4a7bkUPlrXfWLEnac54LQ="></latexit>

m = 0 , 1

<latexit sha1_base64="OpfpLRHjvDiFj4DDFhjQVthswZg="></latexit>

X |R! = |R!



<latexit sha1_base64="n3rgu8zAy+IFNTAed0Qyd3OcifU="></latexit>

M →
∑

i,j

|i↑ωij↓j| Correction (of  “physical” qubits)

<latexit sha1_base64="8YDtz8L0zGIUTC50yWm9nbLRi20="></latexit>

|B00→ =
1↑
2
(|00→+ |11→)

<latexit sha1_base64="HuWhwA8tx/KRN8s4hzWBx+kDR3M="></latexit>

|0→↑0|+ |1→↑1| = I
<latexit sha1_base64="wFc15WUAv28umABPJS3sJp+HH+U="></latexit>

|B10→ =
1↑
2
(|00→ ↓ |11→)

<latexit sha1_base64="hoegszy9+rSMCq1CBCuS/3YmZXQ="></latexit>

|0!" 0| # |1!" 1| = Z

<latexit sha1_base64="M5/QQmxreR2Wyl8HqmN3cn3VBBQ="></latexit>

|B01! =
1

"
2

(|01! + |10! )
<latexit sha1_base64="sjq0yHK9TCVPCsw6iDPew5pkl2M="></latexit>

|0!" 1| + |1!" 0| = X

<latexit sha1_base64="HMebdpsSFIUxGB/ZkOyt3lIYNtE="></latexit>

|B11! =
1

"
2

(|01! # |10! )
<latexit sha1_base64="afUkEJfy3yjwNDDh2ZA5Xc9kYKA="></latexit>

|0!" 1| # |1!" 0| = ZX

<latexit sha1_base64="qC5newjCl0lfl2grU5Knn9bGAx4="></latexit>

|ω→ =
∑

i,j

ωij |ij→

<latexit sha1_base64="My16LMLzcgF5glkHAYZSt7S4MGU="></latexit>

I

<latexit sha1_base64="GRLkJtaBnqDHAjc0outXuq+EIjM="></latexit>

Z

<latexit sha1_base64="S3T8qRIajy68IAkGb5r8sEUeqfs="></latexit>

X

(one)

(multiple)

<latexit sha1_base64="S3T8qRIajy68IAkGb5r8sEUeqfs="></latexit>

X (multiple)
<latexit sha1_base64="GRLkJtaBnqDHAjc0outXuq+EIjM="></latexit>

Z (one)



The “physical” qubits are now corrected; but the measured qubits are not yet in the desired GHZ state.

To correct the measured qubits: Re-initialize the measured qubits; then apply CNOTS

Complete circuit:

Can be simplified; similar to Bäumer et al



H Buhrman, et al 2307.14840

Fusion measurement has been used recently to prepare generic states in constant depth!

•

Yeo et al 2501.02929•

Zi et al 2503.16208•



AKLT states



AKLT (Affleck-Kennedy-Lieb-Tasaki) model

<latexit sha1_base64="HTL4MODYBYCaFtDAF7GIZJmvFNs="></latexit>

H =
n ! 1!

i =1

"
!Si á!Si +1 +

1
3

#
!Si á!Si +1

$2
%

<latexit sha1_base64="nj2FVdBGJI6Fi4S3/lGepZ8/T/Q="></latexit>

!Si spin-1 open BC

Not integrable; but the ground state is known exactly!

SU(2) invariant
<latexit sha1_base64="nE/KQpYIDZ8e/kyLDH6AOEvK6WM="></latexit>!
H , !S

"
= 0

<latexit sha1_base64="TU/thI3M2Qq8AVlTrsh9mN/WEMQ="></latexit>

!S =
n!

i =1

!Si total spin

For 2 sites: Clebsch-Gordan  
<latexit sha1_base64="mqaLFZhj8X20rVQ2ZUZoRSj3Jyw="></latexit>

1 ! 1 = 0 " 1 " 2

<latexit sha1_base64="H7bSWGhFiUgoo07yY5/1XKL4UeI="></latexit>! "# $
<latexit sha1_base64="AslCInUThX2teERF57dhSde9So4="></latexit>

hi,i +1

<latexit sha1_base64="STGWxzE0whOjXCYhZmU7fmJe7jk="></latexit>!
P (2)

" 2
= P(2) projector onto spin-2

The 2-site Hamiltonian is essentially 
<latexit sha1_base64="9NL7EN7UtA3t86CcGhQNxbaGuhA="></latexit>

P (2)

<latexit sha1_base64="TrUCGFA3SVST4QHbcWViCq5+fKM="></latexit>

P (2) !
1
2

h12 +
1
3

I



<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1
<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

projector to spin-1triplet states

Ground state



<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1
<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

basis states

Ground state

<latexit sha1_base64="PaK6zZ0V4hTczcwDMDx3shojSoQ="></latexit>

C3



<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1

<latexit sha1_base64="J/ueHtTp2zxNWUtxX5xA4eAK1dU="></latexit>

=

!

"
1
0
0

#

$ (1 0 0 0) +

!

"
0
1
0

#

$ 1
!

2
(0 1 1 0) +

!

"
0
0
1

#

$ (0 0 0 1)

<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

<latexit sha1_base64="blzawL+82im+vGNZ5wW3J9HEOyg="></latexit>

=

!

"
1 0 0 0
0 1!

2
1!
2

0
0 0 0 1

#

$

Check:
<latexit sha1_base64="OZqffALgfIJgHwKahxyZ05Wb2io="></latexit>

! |s! = 0

Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

Ground state



<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1

<latexit sha1_base64="J/ueHtTp2zxNWUtxX5xA4eAK1dU="></latexit>

=

!

"
1
0
0

#

$ (1 0 0 0) +

!

"
0
1
0

#

$ 1
!

2
(0 1 1 0) +

!

"
0
0
1

#

$ (0 0 0 1)

<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

<latexit sha1_base64="blzawL+82im+vGNZ5wW3J9HEOyg="></latexit>

=

!

"
1 0 0 0
0 1!

2
1!
2

0
0 0 0 1

#

$

Check:
<latexit sha1_base64="OZqffALgfIJgHwKahxyZ05Wb2io="></latexit>

! |s! = 0

n=2: • •

• •

• • “valence bond” connects neighboring sites

<latexit sha1_base64="lyh1HXLu6ZzUsJlID7liun4/S2s="></latexit>

|! ! = ( ! " ! )
!!

" 1

" 2

"
" |s! "

!
#1

#2

""

• • Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

Ground statediagrammatic 
representation



<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1

<latexit sha1_base64="J/ueHtTp2zxNWUtxX5xA4eAK1dU="></latexit>

=

!

"
1
0
0

#

$ (1 0 0 0) +

!

"
0
1
0

#

$ 1
!

2
(0 1 1 0) +

!

"
0
0
1

#

$ (0 0 0 1)

<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

<latexit sha1_base64="blzawL+82im+vGNZ5wW3J9HEOyg="></latexit>

=

!

"
1 0 0 0
0 1!

2
1!
2

0
0 0 0 1

#

$

Check:
<latexit sha1_base64="OZqffALgfIJgHwKahxyZ05Wb2io="></latexit>

! |s! = 0

n=2: • •

• •

• • “valence bond” connects neighboring sites

<latexit sha1_base64="lyh1HXLu6ZzUsJlID7liun4/S2s="></latexit>

|! ! = ( ! " ! )
!!

" 1

" 2

"
" |s! "

!
#1

#2

""
<latexit sha1_base64="qjdn8zQwv8bmz34y+p5CmPr6Ugg="></latexit>

! 1, ! 2, " 1, " 2 arbitrary! spin-1/2 “edge states” !

• • Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

Ground statediagrammatic 
representation



Ground state

<latexit sha1_base64="J1urGNZQX9eh1fg3N65dFV5Mc3k="></latexit>

|s! "
1

#
2

(| $%! &| %$!) singlet state (spin-0)

projector to spin-1

<latexit sha1_base64="J/ueHtTp2zxNWUtxX5xA4eAK1dU="></latexit>

=

!

"
1
0
0

#

$ (1 0 0 0) +

!

"
0
1
0

#

$ 1
!

2
(0 1 1 0) +

!

"
0
0
1

#

$ (0 0 0 1)

<latexit sha1_base64="9Zus/6jo516U3g4uNUp/BHLxulQ="></latexit>

! ! |0"#$$| + |1"
1

%
2

(#$&| + #&$|) + |2"#&&|

<latexit sha1_base64="blzawL+82im+vGNZ5wW3J9HEOyg="></latexit>

=

!

"
1 0 0 0
0 1!

2
1!
2

0
0 0 0 1

#

$

Check:
<latexit sha1_base64="OZqffALgfIJgHwKahxyZ05Wb2io="></latexit>

! |s! = 0

n=2: • •

• •

• • “valence bond” connects neighboring sites

<latexit sha1_base64="lyh1HXLu6ZzUsJlID7liun4/S2s="></latexit>

|! ! = ( ! " ! )
!!

" 1

" 2

"
" |s! "

!
#1

#2

""
<latexit sha1_base64="qjdn8zQwv8bmz34y+p5CmPr6Ugg="></latexit>

! 1, ! 2, " 1, " 2 arbitrary! spin-1/2 “edge states” !

<latexit sha1_base64="6lcwf9FjYgvOcg8UlIABvki0bhQ="></latexit>

P (2) |! ! = 0 ) ground state (Only spin-2 states have  :       )
<latexit sha1_base64="utbdXkJy2vgBwPKA0LQYg+LT9aI="></latexit>

P (2) != 0
<latexit sha1_base64="HIIxIJSR7Bdm542O/jadtoNNaLQ="></latexit>

(! ! ! )(triplet ! triplet)

• • Regard each spin-1 as a pair of spin-1/2
<latexit sha1_base64="JuiXKudfitwrmKNtA7vourwsVOk="></latexit>

=
1

!
2

!

"
"
#

0
1

" 1
0

$

%
%
&

<latexit sha1_base64="k0gj20UQnd616ioaCFalIj7o3pw="></latexit>

=
1

!
2

(
!

1
0

"
"

!
0
1

"
#

!
0
1

"
"

!
1
0

"
)

diagrammatic 
representation



n=3: • •• •• •

general :<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n

<latexit sha1_base64="ZuceCEDhIb3+bs+PDuN7yeKG3EY="></latexit>

|! ! = ( ! " ! " ! )
!!

" 1

" 2

"
" |s! " |s! "

!
#1

#2

""

<latexit sha1_base64="0rM1eR0qCgaAWXXiU2yfuQP981U="></latexit>

|! ! = ( ! " ! " . . . " ! )
!!

" 1

" 2

"
" |s! " |s! " . . . " |s! "

!
#1

#2

""

<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n
<latexit sha1_base64="ZoBLfydxSl/vKD2nvEAqQJ6aw9o="></latexit>

n ! 2

<latexit sha1_base64="H7bSWGhFiUgoo07yY5/1XKL4UeI="></latexit>! "# $ <latexit sha1_base64="H7bSWGhFiUgoo07yY5/1XKL4UeI="></latexit>! "# $

<latexit sha1_base64="Db9/j5gf69bsTOU+GlGeHPwB+W8="></latexit>

E0 = !
2
3

(n ! 1) 4-fold degenerate

How to prepare?



MPS

<latexit sha1_base64="mJnD2YznQzUOJfA5pYaUjpPCiPQ="></latexit>

|~mi = |mn . . .m2m1i qutrits “physical space”
<latexit sha1_base64="8Bb+0g+sUk+q2UgPKlzUJ4eXOVY="></latexit>

i = 1, . . . , n

<latexit sha1_base64="YqXhpUlDc0PQ0yuMNApDCI2uMg8="></latexit>

mi = 0 , 1, 2

<latexit sha1_base64="/rangwqTUnfYHefDw1mUYWondRk="></latexit>

A0
i =

!
2
3

"
0 1
0 0

# <latexit sha1_base64="6L6g2JbQ/L9LK0c7BKRxNurNUtE="></latexit>

A1
i = !

1
"

3

!
1 0
0 ! 1

" <latexit sha1_base64="iD6G7xj+Nh/UkT9ZErPq+NDdUkE="></latexit>

A0
i = !

!
2
3

"
0 0
1 0

#

translational invariant

<latexit sha1_base64="yAOhMa0/J+KJea/nhCkJJlFzB5I="></latexit>

|R! =
1

"
2

!
! 1

! 2

"
<latexit sha1_base64="8gKGzFKTU0/N4HAZEXz8bdHYx+4="></latexit>

! L | = ( ! 1 ! 2)

<latexit sha1_base64="Dph8UzCHGGdRCSPfJCY9x5hGkbg="></latexit>X

m

Am
i

†Am
i = I (left) canonical

sequential preparation: depth ~ <latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n

constant depth via fusion measurements Smith et al 2210.17548

use symmetries of MPS to remove defects



Dicke states



<latexit sha1_base64="70qNuoZaSsG6J16Vtbsc/VxTby8="></latexit>

|D n
k ! : completely symmetric state of       ’s  and      ‘s

<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="/eukwNMtoseRErHfi275uulWQ5I="></latexit>

|1!
<latexit sha1_base64="trr8j9yXmpKjck2ZEyQ6qiUhktM="></latexit>

|0!

Dicke states

|1! =
!

0
1

"
|0! =

!
1
0

"



<latexit sha1_base64="70qNuoZaSsG6J16Vtbsc/VxTby8="></latexit>

|D n
k ! : completely symmetric state of       ’s  and      ‘s

<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n
<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="/eukwNMtoseRErHfi275uulWQ5I="></latexit>

|1!
<latexit sha1_base64="trr8j9yXmpKjck2ZEyQ6qiUhktM="></latexit>

|0!

total # qubits =                 

Dicke states

|1! =
!

0
1

"
|0! =

!
1
0

"



<latexit sha1_base64="70qNuoZaSsG6J16Vtbsc/VxTby8="></latexit>

|D n
k ! : completely symmetric state of       ’s  and      ‘s

<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n
<latexit sha1_base64="7OGKe8yb//ORdRoYVn5eHuLkWEc="></latexit>

n ! k
<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="/eukwNMtoseRErHfi275uulWQ5I="></latexit>

|1!
<latexit sha1_base64="trr8j9yXmpKjck2ZEyQ6qiUhktM="></latexit>

|0!

total # qubits =                 

Dicke states

|1! =
!

0
1

"
|0! =

!
1
0

"



<latexit sha1_base64="70qNuoZaSsG6J16Vtbsc/VxTby8="></latexit>

|D n
k ! : completely symmetric state of       ’s  and      ‘s

<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n
<latexit sha1_base64="7OGKe8yb//ORdRoYVn5eHuLkWEc="></latexit>

n ! k
<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="/eukwNMtoseRErHfi275uulWQ5I="></latexit>

|1!
<latexit sha1_base64="trr8j9yXmpKjck2ZEyQ6qiUhktM="></latexit>

|0!

total # qubits =                 

<latexit sha1_base64="Lh1+221Hz0XX6osegC5P7yOQGDA="></latexit>

|0011! = |0! " |0! " |1! " |1!

<latexit sha1_base64="ebyCxKw3r6UMs1a692WjJeUUC2g="></latexit>

|D 4
2! =

1
"

6
(|1100! + |1010! + |0110! + |1001! + |0101! + |0011!)

Ex:

Dicke states

|1! =
!

0
1

"
|0! =

!
1
0

"



<latexit sha1_base64="70qNuoZaSsG6J16Vtbsc/VxTby8="></latexit>

|D n
k ! : completely symmetric state of       ’s  and      ‘s

<latexit sha1_base64="IF4XDGCA0eQFFz7c2h9KIB2gt2M="></latexit>n
<latexit sha1_base64="7OGKe8yb//ORdRoYVn5eHuLkWEc="></latexit>

n ! k
<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="/eukwNMtoseRErHfi275uulWQ5I="></latexit>

|1!
<latexit sha1_base64="trr8j9yXmpKjck2ZEyQ6qiUhktM="></latexit>

|0!

total # qubits =                 

<latexit sha1_base64="Lh1+221Hz0XX6osegC5P7yOQGDA="></latexit>

|0011! = |0! " |0! " |1! " |1!

<latexit sha1_base64="ebyCxKw3r6UMs1a692WjJeUUC2g="></latexit>

|D 4
2! =

1
"

6
(|1100! + |1010! + |0110! + |1001! + |0101! + |0011!)

Ex:

Dicke states

<latexit sha1_base64="xUXlwByBPNuXSw3yPUrwD9lIT7I="></latexit>

S! = Sx ! iSy
<latexit sha1_base64="4C20b6XJxzlEjGSwOSDIauiKpM4="></latexit>

|D n
k ! "

!
S! "k

|0! " n

Exact ground states of ferromagnetic Heisenberg & Lipkin-Meshkov-Glick Hamiltonians 

<latexit sha1_base64="KXxiqZDnz8b8rYPRdHS/FVctupM="></latexit>

! !S2 = !
!

i,j

!Si á!Sj

<latexit sha1_base64="5nusvz1CPVkqZDeAJpUJQ4sUJXw="></latexit>

!
!

i

!Si á!Si +1

<latexit sha1_base64="QWiDGY7hvuZEOA+Qkqf/xt3M+AA="></latexit>

!S =
n!

i =1

!Si
<latexit sha1_base64="xoP5hId9bTmJH0z9twhOTbzx9W8="></latexit>

!Si = 1
2 !" i

|1! =
!

0
1

"
|0! =

!
1
0

"



How to prepare on quantum computer?

“reference” state (product)

“Dicke operator” • unitary
• independent of 

<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="1EKDhQm3PpwuHDygefAwFZcXPak="></latexit>

|en
k ! = |0! ! (n " k ) |1! ! k

<latexit sha1_base64="Ux8NdG5X6zaxrGktQ4xcv9+t1C0="></latexit>

Un |en
k ! = |D n

k !
We seek:

<latexit sha1_base64="4C20b6XJxzlEjGSwOSDIauiKpM4="></latexit>

|D n
k ! "

!
S! "k

|0! " n <latexit sha1_base64="BhhQyBoc+gg+U7iIc3qLhPGSOo4="></latexit>

S! is not unitaryCannot implement 

Instead:



key idea:  recursion! [Bärtschi, Eidenbenz 2019]

<latexit sha1_base64="ebyCxKw3r6UMs1a692WjJeUUC2g="></latexit>

|D 4
2! =

1
"

6
(|1100! + |1010! + |0110! + |1001! + |0101! + |0011!)

<latexit sha1_base64="fUQkhJ7NWTiNeYyhF1N50YGYV5A="></latexit>

(|110! + |101! + |011! ) " |0!
<latexit sha1_base64="+v0xwRMtIncz836OTgsgyocCMmE="></latexit>

(|100! + |010! + |001! ) " |1!

<latexit sha1_base64="HnWVE6FHZ0sCI9qI8aZesqNeyN4="></latexit> ! "# $ <latexit sha1_base64="HnWVE6FHZ0sCI9qI8aZesqNeyN4="></latexit> ! "# $

Ex:



key idea:  recursion!

<latexit sha1_base64="c8fak5FUtnK/v4xpxhiWyba+NeI="></latexit>

|D n
k ! =

!
n " k

n
|D n ! 1

k ! # |0! +

!
k
n

|D n ! 1
k ! 1 ! # |1!

[Bärtschi, Eidenbenz 2019]

<latexit sha1_base64="ebyCxKw3r6UMs1a692WjJeUUC2g="></latexit>

|D 4
2! =

1
"

6
(|1100! + |1010! + |0110! + |1001! + |0101! + |0011!)

<latexit sha1_base64="fUQkhJ7NWTiNeYyhF1N50YGYV5A="></latexit>

(|110! + |101! + |011! ) " |0!
<latexit sha1_base64="+v0xwRMtIncz836OTgsgyocCMmE="></latexit>

(|100! + |010! + |001! ) " |1!

<latexit sha1_base64="HnWVE6FHZ0sCI9qI8aZesqNeyN4="></latexit> ! "# $ <latexit sha1_base64="HnWVE6FHZ0sCI9qI8aZesqNeyN4="></latexit> ! "# $

<latexit sha1_base64="iM52FUWh4THvvTTnVIgvD4OxEgw="></latexit>

|D 4
2! =

!
1
2

|D 3
2! " |0! +

!
1
2

|D 3
1! " |1!

<latexit sha1_base64="8fUUOmgJziLXQ8IYYivbIJkLhwM="></latexit>

|D n
k ! = Un |ek !Use                          on both sides:

Ex:

<latexit sha1_base64="d7423B4vtnd6cuZOUeJtsiOHj5I="></latexit>

Un |en
k ! = ( Un ! 1 " I )

! "
n # k

n
|en ! 1

k ! " |0! +

"
k
n

|en ! 1
k ! 1 ! " |1!

#

<latexit sha1_base64="1CpqnQg3Ru3gU+cdDQOgh14VbuA="></latexit>

! Wn |en
k "

•
unitary•
independent of 

<latexit sha1_base64="z7s7K3epPplOc5PwfDukx3oFrU4="></latexit>

k

<latexit sha1_base64="NrAAR7LS7lTbMk7BMeExWGSc7Jo="></latexit>! "# $



<latexit sha1_base64="f8jyuAoUfGqqmqpCKm7DI0NwK5E="></latexit>

Wn |en
k ! =

!
n " k

n
|en ! 1

k ! # |0! +

!
k
n

|en ! 1
k ! 1 ! # |1!

<latexit sha1_base64="RNq0S9bW04v1d1UF4gHAQ/h05KI="></latexit>

Un = ( Un ! 1 ! I ) Wn )

<latexit sha1_base64="swjwD7iG/KeSyh0PqyBVYG0YIyE="></latexit>

Un =

!
n!

m =2

"
Wm ! I ! (n " m )

#

Suffices to construct         ’s  !
<latexit sha1_base64="mdIppXPgLp+4bwNjHExsyvA+xao="></latexit>

Wm



Constructing         ’s  
<latexit sha1_base64="mdIppXPgLp+4bwNjHExsyvA+xao="></latexit>

Wm

and

<latexit sha1_base64="JDD4jxqS0CD2yhUEmmcxSGHfiqA="></latexit>

Im,l ! (I m,l |em
l ! ) = (I m,l |em

l ! ) for l ! > l

<latexit sha1_base64="xAvYnRwrwxY7+6NgLXMgKnhwtBY="></latexit>

Wm =

!
m ! 1!

l =1

Im,l

Then

Suffices to construct         ’s  !
<latexit sha1_base64="XojdfAIfCULIytUZgUJfFbPY9G4="></latexit>

Im,l

ordered so as to not interfere with each other

<latexit sha1_base64="XXOdXgzgAt7J+JHl1j/dj01YSxc="></latexit>

R(! ) =

!
cos(!2 ) ! sin( !

2 )

sin( !
2 ) cos(!

2 )

"

<latexit sha1_base64="8PV8WCvarLFMD4yB0rM6N68zrzU=">AAAC8HicbZHLbhMxFIad4dISKKSwZGMRIZUF0aTitkGqyCaqumgq0laKo8jj8SRWfZnaZ0CR5adgww6xhSdgC0/B2+BclDQtR7L0+zv/8eWcrJTCQZr+rSW3bt+5u7V9r37/wc7DR43dx6fOVJbxPjPS2POMOi6F5n0QIPl5aTlVmeRn2UVnlj/7xK0TRn+EacmHio61KASjENGo8ZIw4/YIFJYyT2DCgQa/H15g/B4Td2nBk3lKBq9CGDWaaSudB74p2kvRRMs4Hu3 WfpLcsEpxDUxS5wbttIShpxYEkzzUSeV4SdkFHfNBlJoq7oZ+/q+An0eS48LYuDTgOb1a4alybqqy6FQUJu56bgb/lxtUULwbeqHLCrhmi4uKSmIweNYknAvLGchpFJRZEd+K2YTGPkBsZZ1o/pkZpajOY8ts8GR2gyk9sQrHPdFGCiXAhU1rPGy8aZ6Tq/acFyQ79AtTluHDEHYW8GQNT1bwaA2PVrC3hr0V7KxhZwW7a9iNsB7H274+zJvidL/VftN63XvVPPiwHPQ2eoqeoT3URm/RAeqiY9RHDH1Bv9Bv9CexydfkW/J9YU1qy5onaCOSH/8ARzXyaw==</latexit>

cos(!2 ) =

!
l

m

<latexit sha1_base64="Ir0x9zgmkLesyt4HCJ6LddUZKhs="></latexit>

Im,l =

circuit size  & depth = 
<latexit sha1_base64="A5uxIqkU3smx3YokkH3CGGZ3c+E="></latexit>

O (k(n ! k))

<latexit sha1_base64="CePVPeVEOPhD2S+Ojat0k9AHryk="></latexit>

Im,l ! |em
l ! =

!
|em

l ! l ! < l
Wm |em

l ! l ! = l

Strategy:  look for operators    that perform  for fixed 
<latexit sha1_base64="FSCTk0gIUQWNixLs0bZt1AB1SPM="></latexit>

Im,l
<latexit sha1_base64="lMlLAotV7GbAFZD3Xd9ixee0JuE="></latexit>

Wm |em
l ! <latexit sha1_base64="LIWN/nUAGFuTjGaBPZhg6pWKsZc="></latexit>

l
<latexit sha1_base64="PQiZjjMIaW5qu7NKpG3id4wBal0="></latexit>

|em
l ! = |0! ! (m " l ) |1! ! l



Ex:
<latexit sha1_base64="02rn6Mmlvst0vR7H7ZaHx0hMuq4="></latexit>

|D 4
2!

<latexit sha1_base64="wfaRWV5JFfn6BKXnMw2NiH2EhPc="></latexit>

W4
<latexit sha1_base64="/0a4OK6BJ10uHZrqSKohYFawCoU="></latexit>

W3
<latexit sha1_base64="GWUHeQCzXRIZDTB/KaCQFoC7uDs="></latexit>

W2
<latexit sha1_base64="we6DIjD2cYJnhfV35DZI06PhPrE="></latexit>

|e4
2!



Related construction: sequential preparation based on matrix product state (MPS) representation

Raveh, RN 2408.04729

<latexit sha1_base64="mJnD2YznQzUOJfA5pYaUjpPCiPQ="></latexit>

|~mi = |mn . . .m2m1i
<latexit sha1_base64="7P/2mG6THItVeLs9s/sVosImuw8="></latexit>

mi = 0, 1 qubits “physical space”
<latexit sha1_base64="/ANSnWbmD6tFwoV/abqjYBYYeHQ="></latexit>

|D n
k ! =

!

!m

a!m | !m!

<latexit sha1_base64="xFMAk3UJQAl5Gq7aiNy/2AlKA7Q="></latexit>

=
!

!m

!k|Am n
n . . . Am 2

2 Am 1
1 |0" | !m"

<latexit sha1_base64="Gt6w0P4TrXAe+FnfWYve1/eFF7M="></latexit>

Ami
i

<latexit sha1_base64="FaG8s496yXiCNZfyBVVXlBZCTNA="></latexit>

(k + 1) ! (k + 1) matrices

<latexit sha1_base64="8Bb+0g+sUk+q2UgPKlzUJ4eXOVY="></latexit>

i = 1, . . . , n



Related construction: sequential preparation based on matrix product state (MPS) representation

Raveh, RN 2408.04729

<latexit sha1_base64="mJnD2YznQzUOJfA5pYaUjpPCiPQ="></latexit>

|~mi = |mn . . .m2m1i
<latexit sha1_base64="7P/2mG6THItVeLs9s/sVosImuw8="></latexit>

mi = 0, 1 qubits “physical space”
<latexit sha1_base64="/ANSnWbmD6tFwoV/abqjYBYYeHQ="></latexit>

|D n
k ! =

!

!m

a!m | !m!

<latexit sha1_base64="xFMAk3UJQAl5Gq7aiNy/2AlKA7Q="></latexit>

=
!

!m

!k|Am n
n . . . Am 2

2 Am 1
1 |0" | !m"

<latexit sha1_base64="Gt6w0P4TrXAe+FnfWYve1/eFF7M="></latexit>

Ami
i

<latexit sha1_base64="FaG8s496yXiCNZfyBVVXlBZCTNA="></latexit>

(k + 1) ! (k + 1) matrices
<latexit sha1_base64="kgiGv7v9fXxnXKJOcF6yPoi1o2E="></latexit>

|ji <latexit sha1_base64="WjFJAwvXxs8+CZRETcYovg8hd4A="></latexit>

j = 0 , 1, . . . , k

<latexit sha1_base64="8Bb+0g+sUk+q2UgPKlzUJ4eXOVY="></latexit>

i = 1, . . . , n



Related construction: sequential preparation based on matrix product state (MPS) representation

Raveh, RN 2408.04729

<latexit sha1_base64="Gt6w0P4TrXAe+FnfWYve1/eFF7M="></latexit>

Ami
i

<latexit sha1_base64="FaG8s496yXiCNZfyBVVXlBZCTNA="></latexit>

(k + 1) ! (k + 1) matrices

<latexit sha1_base64="mJnD2YznQzUOJfA5pYaUjpPCiPQ="></latexit>

|~mi = |mn . . .m2m1i
<latexit sha1_base64="7P/2mG6THItVeLs9s/sVosImuw8="></latexit>

mi = 0, 1

<latexit sha1_base64="kgiGv7v9fXxnXKJOcF6yPoi1o2E="></latexit>

|ji <latexit sha1_base64="WjFJAwvXxs8+CZRETcYovg8hd4A="></latexit>

j = 0 , 1, . . . , k

qubits

qudit “bond space”

“physical space”
<latexit sha1_base64="/ANSnWbmD6tFwoV/abqjYBYYeHQ="></latexit>

|D n
k ! =

!

!m

a!m | !m!

<latexit sha1_base64="xFMAk3UJQAl5Gq7aiNy/2AlKA7Q="></latexit>

=
!

!m

!k|Am n
n . . . Am 2

2 Am 1
1 |0" | !m"

<latexit sha1_base64="x2siRSv09oL8H3QYIEjqzpCCTkg="></latexit>

! j ! |Am
i |j " = ! ( i )

j,m " j ! ,j + m , ! ( i )
j,m =

!"
"
#

$ n " i
k " j " m

%

$n " i +1
k " j

%

• quasi-diagonal

<latexit sha1_base64="8Bb+0g+sUk+q2UgPKlzUJ4eXOVY="></latexit>

i = 1, . . . , n



Related construction: sequential preparation based on matrix product state (MPS) representation

Raveh, RN 2408.04729

<latexit sha1_base64="Gt6w0P4TrXAe+FnfWYve1/eFF7M="></latexit>

Ami
i

<latexit sha1_base64="FaG8s496yXiCNZfyBVVXlBZCTNA="></latexit>

(k + 1) ! (k + 1) matrices

<latexit sha1_base64="mJnD2YznQzUOJfA5pYaUjpPCiPQ="></latexit>

|~mi = |mn . . .m2m1i
<latexit sha1_base64="7P/2mG6THItVeLs9s/sVosImuw8="></latexit>

mi = 0, 1

<latexit sha1_base64="kgiGv7v9fXxnXKJOcF6yPoi1o2E="></latexit>

|ji <latexit sha1_base64="WjFJAwvXxs8+CZRETcYovg8hd4A="></latexit>

j = 0 , 1, . . . , k

qubits

qudit “bond space”

“physical space”
<latexit sha1_base64="/ANSnWbmD6tFwoV/abqjYBYYeHQ="></latexit>

|D n
k ! =

!

!m

a!m | !m!

<latexit sha1_base64="xFMAk3UJQAl5Gq7aiNy/2AlKA7Q="></latexit>

=
!

!m

!k|Am n
n . . . Am 2

2 Am 1
1 |0" | !m"

<latexit sha1_base64="x2siRSv09oL8H3QYIEjqzpCCTkg="></latexit>

! j ! |Am
i |j " = ! ( i )

j,m " j ! ,j + m , ! ( i )
j,m =

!"
"
#

$ n " i
k " j " m

%

$n " i +1
k " j

% minimal bond dimension•

• quasi-diagonal

exact•

<latexit sha1_base64="8Bb+0g+sUk+q2UgPKlzUJ4eXOVY="></latexit>

i = 1, . . . , n



<latexit sha1_base64="Dph8UzCHGGdRCSPfJCY9x5hGkbg="></latexit>X

m

Am
i

†Am
i = I canonical

<latexit sha1_base64="Lwa+HdMbi9fsUe5xNmCch1+vDys="></latexit>

Ui |ji |0ii =
X

m

(Am
i |ji) |mii

<latexit sha1_base64="SKLf7+To2raPRk1FQHC7BNbtvdE="></latexit>

Ui unitary)

) Can use      to prepare the state sequentially:
<latexit sha1_base64="SKLf7+To2raPRk1FQHC7BNbtvdE="></latexit>

Ui

deterministic!

Schön, et al  2005

<latexit sha1_base64="G3FMrYXalzJMSkb4nHQSuB5F3P8="></latexit>

U =

x
nY

i=1

Ui

<latexit sha1_base64="YZLqftHd4NzjmRficdIX4W1yDN4="></latexit>

U |0! |0! ! n = |k! |D n
k !

decoupled!



<latexit sha1_base64="Dph8UzCHGGdRCSPfJCY9x5hGkbg="></latexit>X

m

Am
i

†Am
i = I canonical
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) Can use      to prepare the state sequentially:
<latexit sha1_base64="SKLf7+To2raPRk1FQHC7BNbtvdE="></latexit>
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deterministic!

Schön, et al  2005

<latexit sha1_base64="G3FMrYXalzJMSkb4nHQSuB5F3P8="></latexit>
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Quantum circuit is similar to Bärtschi-Eidenbenz
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