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Matrix Product States (MPS)

n-qubit state:  |¢)) = Z a |m) m) = |my, ... momq) m; = 0,1 i=1,...,n
; ‘ ‘ ‘ ‘ qubits “physical space”
am = (L|A7™ ... A3 AT |R) {LHAHAHAHAHR
A X X X matrices basis  |J) 7=01,...,x—1 qudit “bond space”
X  “bond dimension” L),|R) boundary states  “auxiliary”, “ancilla”, “memory”, “virtual”
Can represent any state ¥) this way, for sufficiently large X  — can be useful if X is not too large

Entanglement entropy 5 ~ log x Energy of first excited state - Energy of ground state > 0 for n — oc

For the ground state of a gapped Hamiltonian: S ~ area  (i.e, S ~ n®! D=# space dimensions )

= In | space dimension, S = constant (independent of n)

= X = constant (independent of n)



) =) g |m) Ay, = (L|A™ . AT2 A | R)

For GHZ state:
]‘ Xn Xn
\GHZ,,) = —2(\0> +11)=")
(Ll =1 1)
1 O 0 O
0O 1 _ —
Ai_(o o) A@'_(o 1> JRUNNE B4R R X =2
R)= (1) =HD
translational invariant
Note
(AO)2 = A, (A1)2 = Al AA'=0= 44" = m’s are either all 0’s or all |’s!
= Loif m=0.0 or s=1.1
Ay, —
0, otherwise v
Also

A™g) = om j7)
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ZA?JTAT = (left) canonical = Uilj)[0)i = Z(AZ" 7)) M) =15)15) i=01 ]
GHZ:  Om,;|j) U; unitary

= can use Ui to prepare the state sequentially:




Sequential state preparation

ji=0,I1
ZA?JTAT = (left) canonical = Uilj)[0)i = Z(AZ" 7)) Im)i = 15)17): i=01 ]
GHZ:  Om,;|j) U; unitary

= can use Ui to prepare the state sequentially:




Sequential state preparation

ji=0,I1
ZA?JTA? = (left) canonical = Uilj)[0)i = Z(AZ" 7)) Im)i = 15)17) i=01 ]
GHZ:  Om,;|j) U; unitary

= can use Ui to prepare the state sequentially:

UIR)0)®™ = ) AR .. AT |R)|mi) R) = H|0)



Sequential state preparation

Z A?TAZ;” =1 (left) canonical = Ui [7)10); = Z(AZ" 7)) Im);

= can use Ui to prepare the state sequentially:
n
u=1\u.
i=1

UIR)[0)" = A7t ... AT [R) i)

—

m

ji=0,I1
= |7)17) i=01 e —1
GHZ:  Om,;|j) U; unitary
U, — ‘
R) = H|0)
0)
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Sequential state preparation

m

= can use Ui to prepare the state sequentially:
n
u=1\u.
i=1

UIR)|0)®™ = A7t ... AT R) i)

—

m

ZA?’TA? =1 (left) canonical = Uilj)[0)i = Z(AZ" 7)) Im)i = 15)17)

ji=0,I1
j — 07 17 X 1
GHZ:  Om,;|j) U; unitary
Ui | = ‘
R) = H|0)
0)
0)
0)




Sequential state preparation

Z A;‘nTA;n =1 (left) canonical =  Us 7)10)i = Z(A?Z” 7)) Im);

= can use Ui to prepare the state sequentially:
n
u=1\u.
i=1

UIR)[0)®" =) AR ... AT |R)|m)

—

m

ji=0,I1
= |7)17) i=01 e —1
GHZ:  Om,;lj) U; unitary
U, — ‘
R) = H|0)
0)
0)
0)
0 —{H v




Sequential state preparation

ZA?JTA?% =1 (left) canonical = Uilj)[0)i = Z(AZ" 7)) Im)i = 15)17)

= can use Ui to prepare the state sequentially:

For GHZ, the edge site may be used as ancilla
(i.e., no need for independent ancilla qubit)

ji=0,I1
j — 07 17 X 1
GHZ:  Om.lj) U; unitary
U, — ‘
R) = H|0)

0)

0)

0)

0 —{H /
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0

) = Z Coy...op |O1-+-0L) — _ i 0)©4 L 11\®4) — L ;
01,...,0r,=0,1 L=4 GHZ |¢> 2(| > * ‘ > ) \/§ O | x 16

® reshape into 2 X 211 matrix 1

C0'1...0'[, — \:[10'1,(0'2...0'[,)
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|?7b> — Z CO'1...O'L ‘0-1 o o O-L> L=4 GHZ |w> 1 |O ®4

01,...,0r,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix

2x8

— O
N

1(10 0 0
1...0, — \Ijal,(ag...aL) \/§ 0O 0 0 O

Co

¢ QR decomposition (alternative: Singular Value Decomposition)

1 O> 1 (
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-

0 0
0 0

o O
o O
o O
o O
= O
N———
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|?7b> — Z CO'1...O'L ‘0-1 o o O-L> L=4 GHZ |w> 1 |O ®4

01,...,0r,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix

2x8

— O
N

1(10 0 0
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Co

¢ QR decomposition (alternative: Singular Value Decomposition)

1 O> 1 (
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-

0 0
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= O
N———

® reshape

— Z A(]:la,lqj(alag),(ﬁg...O'L)
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|?7b> — Z CO'1...O'L ‘0-1 o o O-L> L=4 GHZ |w> 1 |O ®4

01,...,0r,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix
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|?7b> — Z CO'1...O'L ‘0-1 o o O-L> L=4 GHZ |w> 1 |O ®4

01,...,0r,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix

1(10 0 0 0 -
Coqi...01 — \Ijal,(ag...aL) \/§ O 0 O O 1 X

¢ QR decomposition (alternative: Singular Value Decomposition)
<1O>.L (1 000
Vo (0s.0p) = ZQal,alRal,(az...aL) QTQ =1 0 1/ v2\0 0 00

® reshape

o O O =
o O O O
o O O O

01 AO — 1 O
- ZALCM\I](CHO'Q),(O';;...O'L) { E )

® QR decomposition

\Ij(alag),(O'g...O'L) — Z Q(G,lO'Q),G,QR(LQ,(O'g...O'L)
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|¢> — Z Coi...0L ‘0-1 . OL> L=4 GHZ |w> 1 ®4 _|_

o T or,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix

1 /1 0 0 0 .
Cor.or = Yo (0s..00) v2\0 0 0 o 0 0 0 1 .

¢ QR decomposition (alternative: Singular Value Decomposition)
<1O>.L (1 000
\110'1,(0'2...0'L) — Zle,alRal,(Gz--ﬁL) QTQ — | 0 1 \/§ 00 00

® reshape

o O O =
o O O O

01 AO — 1 O
- ZAl,alqj(CLlO'Q),(O'g...O'L) { E )

® QR decomposition

\Ij(alo'g),(O'g...O'L) — Z Q(G,lO'Q),G,QR(LQ,(O'g...O'L)

o OO =
O O O
\H
\
7\
o =
o O
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|¢> — Z Coi...0L ‘0-1 . OL> L=4 GHZ |w> 1 ®4 _|_

o T or,=0,1 2 : | x 16
0

e reshape into 2 x 2771 matrix

1 /1 0 0 0 .
Cor.or = Yo (0s..00) v2\0 0 0 o 0 0 0 1 .

¢ QR decomposition (alternative: Singular Value Decomposition)
<1O>.L (1 000
\110'1,(0'2...0'L) — Zle,alRal,(Gz--ﬁL) QTQ — | 0 1 \/§ 00 00

® reshape

o O O =
o O O O

01 AO — 1 O
- ZAl,alqj(CLlO'Q),(O'g...O'L) { E )

® QR decomposition

\Ij(alo'g),(O'g...O'L) — Z Q(G,lO'Q),G,QR(LQ,(O'g...O'L)

o OO =
O O O
\H
\
7\
o =
o O

® reshape

— Z Aal a2\p(a2703)(04...aL)
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0
|¢> — Z Coq...0L ‘0-1 .o OL> | =4 GHZ |w> 1 ®4 _|_ .
O1yeens or,=0,1 2 //ﬂ . | x |6
0
® reshape into 2 X 2L =1 matrix 1
i 1 0 0 O 0 ) v 8
Coqi...01 — \Ijal,(ag...aL) \/§ O 0 O O 1 X

¢ QR decomposition (alternative: Singular Value Decomposition)

<1O>.L (1 00 0
\110'17(0'2---0'L) — ZQUl,alRal,(ag...aL) QTQ — ]I O 1 \/§ O O O O

1 0 O
® reshape 0 __
° — ZAclj-jlal\IJ(ang),(O'g...o'L) {Al o (1 O) 8 8 8 4 % 4
. a1 A =(0 1) 00 0
® QR decomposition
1 0 —
\Ij(alo-Q)a(O- ---UL) — Q(a102),&2Ra2,(0 ...O'L) . ....O...Q. .L 1 O O O
3 Z 3 ooy S 002 0 0 0
® reshape AY = (O O) 0 1
DI \ /10
ai,as =~ (a2,03)(04...0L) { 10 . 0 6
a9 1_ B
A" = (o 1) 7o o 4 x 2
0 1
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0
|¢> — Z Coq...0L ‘0-1 .o OL> | =4 GHZ |w> 1 ®4 _|_ .
O1yeens or,=0,1 2 //ﬂ . | x |6
0
® reshape into 2 X 2L =1 matrix 1
i 1 0 0 O 0 ) v 8
Coqi...01 — \Ijal,(ag...aL) \/§ O 0 O O 1 X

¢ QR decomposition (alternative: Singular Value Decomposition)

<1O>.L (1 00 0
\110'17(0'2---0'L) — ZQUl,alRal,(ag...aL) QTQ — ]I O 1 \/§ O O O O

I 0 O
® reshape 0 _ 00 0
P - ZAClTlalqj(alfo),(G&--ffL) A'=00) 0 0 O 4x4
o Al =(0 1) 0 0 0
® QR decomposition
I 0 —
\Ij(alo-Q)a(O- °-°0L) — Q(a102),&2Ra2,(0 ...O'L) . ....O...Q. .L 1 O O O
3 Z 3 ooy S 002 0 0 0
® reshape AY = (O O) 0 1 \
etc. :ZAC’& &2\11(&2,03)(04---01:) 1 0O
@2 Al_ 0 O 1 O O 4 2
~\0 1 V2o o X
0 1
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0
|¢> — Z Coq...0L ‘0-1 .o OL> | =4 GHZ |w> 1 ®4 _|_ .
O1yeens or,=0,1 2 A///ﬂ . | x |6
0
® reshape into 2 X 2L =1 matrix 1
i 1 0 0 O 0 ) v 8
Coqi...01 — \Ijal,(ag...aL) \/§ O 0 O O 1 X

¢ QR decomposition (alternative: Singular Value Decomposition)

<1O>.L (1 00 0
\110'17(0'2---0'L) — ZQUl,alRal,(ag...aL) QTQ — ]I O 1 \/§ O O O O

1 0 O
® reshape o A0 (1 0 00 0
— ZA]-aal\I]<alo-2)v(o-3“-o-L) { . ( ) O O O 4 X 4
tion AT =(0 1) 0 0 0
® QR decomposition
1 0 —
\Ij(a1‘72)7(0 ---UL) — Q(&102),a2Ra2,(0 ...O'L) . OO L 1 O O O
3 % 3 / 0 O \/5 O 0 0 1
0 1 0
® reshape AY = 0 0 0 1 \
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0
|¢> — Z Coq...0L ‘0-1 .o OL> | =4 GHZ |w> 1 ®4 _|_ .
O1yeens or,=0,1 2 //ﬂ . | x |6
0
® reshape into 2 X 2L =1 matrix 1
i 1 0 0 O 0 ) v 8
Coqi...01 — \Ijal,(ag...aL) \/§ O 0 O O 1 X

¢ QR decomposition (alternative: Singular Value Decomposition)

<1O>.L (1 00 0
\110'17(0'2---0'L) — ZQUl,alRal,(ag...aL) QTQ — ]:[ O 1 \/§ O O O O

I 0 O
® reshape 0 _ 00 0
i — ZAclrlalqj(%UQ),(G:a---UL) A (1 O) 0 0 0 4 X 4
o Al=(0 1) 0 0 0
® QR decomposition
I 0 —
\Ij(alo-Q)a(O- ---UL): Q(a102),&2Ra2,(0 ...0L) . ....O...Q. .L 1 00 0
3 Z 3 ooy S 002 0 0 0
® reshape AY = (O O) 0 1 \
etc. :ZAC’& &2\11(&2,03)(04---01:) 1 0O
a2 Al_ 0O 0O 1 0O 0 459
mt pm . - \0 1 V210 0 X
ZA@- Ar =1 (left) canonical -

m



Fusion measurements



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

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

0) —H ) = Y AT LA™ R) ) [R) = H|0)
0) = D I GIA™ AT R) i)

j,m7
‘O> m m1 >

= (A LA™ R)|5)|m)

J,m

0) —H
) = Y AN L AT R) |i7)

0) i
0) = SGlATY AT R i)

O) = o)) = Y (AT AT R) (AT LA™ R) i) i)

—

1,7,



W) = > (i|A™Y AT R) (AT LA™ R) i) i)

R
0) ¥ We want to “fuse” the two short GHZ states into one long GHZ state
0) Bell measurement Bell state
X
0) H A V) — [U') = [¢){o|V) 0y = > dijliz)
2,]
Y
0y —H A W) = D (RIA™ AT Gy (AT AT R) ) |¢)
i\
0)
M o< ) |i)ij (1]
0) i.d

W) oc » (RIA™N LA™ MA™ LA™ R)|m)| )

—

m




W) = > (i|A™Y AT R) (AT LA™ R) i) i)

1,7,

0) ¥ We want to “fuse” the two short GHZ states into one long GHZ state
0) QE Bell measurement Bell state
X
0) H H W) W) = ) (6] W) ) =3 ¢islis)
y N
0) —H él; A F— ) = Y (RIA™ AT i) (G| AT LA™ R) )| ¢)
i\j 1
0)
M o< ) |i)ij (1]
0) i.d
| | W) o SURIATS ., A S AT R
FHAHAOAHAHR V) o« 3 (R ) i) |6)

We want to remove this “defect’”!




6) =) dijlig)
1,)

M o< ) [i)eis(j]
]

Correction (of “physical” qubits)

Boo) = —=(100) + [11))
Buo) = —=(100) ~[11)
Boy! = %(\01! + (100
By! = %(\01!# 110!)

<RFA—A—@—

0)(0] + [1)(1] =1
oro|# 1"l =z
0"1] + |11"0] = X

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

Exploit symmetries of MPS!



Symmetries of MPS: 1
0
\ \ m=0,1 =g
Z 1A Z= A LATZ = A 4t (0
- 0
Z
| | | !
/A - A7 = —HARE ZA™M = AMZ = A" Zmm
m'
For M = Z:
/ correction!

<R|’A_A—®—A—A‘|R> - <RFA—A A—A4|R>




9) = > dislij)
]

M o< ) [i)eis(j]
]

Correction (of “physical” qubits)

Boo) = —=(100) + [11))
Buo) = —=(100) ~[11)
Boy! = %(\01! + (100
By! = %(\01!# 110!)

0) 0] + |1)(1] =T

oro|# 1"l = Z
—/

o1+ |10 = X

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

L

(one)




Symmetries of MPS:
20 _ I O
| | m=0,1 —\0 0
Z 1A~ Z= 1A LATL = A 4l (00
- \0 1
Z
| | | !
/A - A7 = —HARE ZA™M = AMZ = A" Zmm
m'
<
X
| | . !
—AAl—-—VY= Al XATX = A™ Xmim R) = H|0)
X 4 AX A N | |
’ X|R! = |R!
For M = X:

XX XX



Symmetries of MPS: B (1 O)

0 O
Z1A—Z= —AF LATL = A i (00
- \0 1
Z
| | | !
/A - A7 = —HARE ZA™M = AMZ = A" Zmm
) "
X
| | N
— | R:HO
« Tal-x= —[aL XATX = AT X IR =H)
y X|R! = |R!
For M = X:
correction!

> X

—R)




9) = > dislij)
]

M o< ) [i)eis(j]
]

Correction (of “physical” qubits)

Boo) = —=(100) + [11))
Buo) = —=(100) ~[11)
Boy! = %(\01! + (100
By! = %(\01!# 110!)

0) 0] + |1)(1] =T

oro|# 1"l =Z

R
o1+ |1"0| =| X

—

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

L

(one)

(multiple)

,




Symmetries of MPS: B <1 O)

0 O
Z1A—Z= —AF LATL = A i (00
- \0 1
Z
| | | !
/A - A7 = —HARE ZA™M = AMZ = A" Zmm
m'
X
| | N
— | R:HO
« Tal-x= —[aL XATX = AT X R) = H|0)
X|R! = |R!
For M = Z X:
correction!

>r— X N
> X

<R|-A-A®®—A—A‘|R> = {RHAHA

—R)




9) = > dislij)
]

M o< ) [i)eis(j]
]

Correction (of “physical” qubits)

Boo) = —=(100) + [11))
Buo) = —=(100) ~[11)
Boy! = %(\01! + (100
By! = %(\01!# 110!)

0)(0] + [1)(1] =1
oro|# 1"l =Z
0"1] + |11"0] = X

)
o1 # |1"0| =|ZX

—

Z (one)

X (multiple)

{ X (multiple)
L (one)




©®__9
) —®) ,L { x| ﬁj— X2
l") 37 2 ‘|'?_<‘ @
(oD CD l@ \_ﬂ__
4
o) —[® & @_{’"’L
\o) 0

(D

[ o3

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:

@ @ =
) B .1. ‘%\;—@@ |
Lo i = \Qi s _L '
o> & "] | o % S @‘*g'
o —® A ’,%—-———-A % ML) (OH—H% £
L (Iy\ :‘—E?

'y (Iy‘

Can be simplified; similar to Baumer et al



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

¢ H Buhrman,etal 2307.14840

® Yeo etal 2501.02929

o Zietal 2503.16208



AKLT states



AKLT (Affleck-Kennedy-Lieb-Tasaki) model

n' 1 1 H b
H = Si égi+1 + é gi é-Si+1 Si
=1
# P
hi,i +1
Notintegrable; but the ground state is known exactly!
! I
SU(2) invariant H S =0 S = 5,
=1
For 2 sites: Clebsch-Gordan = 11 1=0"1 "
-2 3

The 2-site Hamiltonian is essentially p @

spin-|

total spin

open BC

projector onto spin-2



Ground state

Regard each spin-| as a pair of spin-1/2

0
. . _ . RS
st #%(\ $%! &| %) = J%( g') " 2 # (])_ " (]5 ) = %#112 singlet state (spin-0)
0

1088 + |196-(#S8 + #ES) + 2088 triplet states projector to spin-|



Ground state

Regard each spin-| as a pair of spin-1/2

0
. . _ . RS
st #%(\ $%! &| %) = J%( g') " 2 # (])_ " (]5 ) = J%#llg singlet state (spin-0)
0

L1 ]0"#5S| + ‘1"9%(#$&| + #&9Y) + |2'#&¢E] C3 basis states projector to spin-|



Ground state

Regard each spin-| as a pair of spin-1/2

0
11 "0 0 . 1 1+ 1Y%
I"#]; 04!l & O - 1= " " - 1= |
s! z(\m.&\ %0%) 'é( ) L H ) ) S 4 &
0
1 |O"H$S| + \1"9%5(#$&| + #&Y) + |2"#&&)
. o0 Yy
="0b@1 00 O)+"21%5L—0 1 1 0)+" 050 0 0 1
0 0 2 1

Check: l|s! =0 v

o O

Ol ©

singlet state (spin-0)

projector to spin-|

ONIF =

g
0%
1



diagrammatic

, Ground state
representatlon

o o Regard each spin-1| as a pair of spin-1/2
0"
11, 0 , 0, 1 1. 14 . .
sh” #1t Wl & %) = L— ¥ # ¥ =1__, .4 singlet state (spin-0
oo ST AS(SWINY = I o L F " )= s glet state (spin-0)
0
Q L1 |O"#$$| + \1"9%(#$&|+ #&Y) + |2'#&& projector to spin- |
e s , s 1 0 0 O
"0$1 00 0+"131—-0 110+ 050 001 ="0+ = 03
0 0 2 1 0 0 0 1
Check: 1 ]s! =0 v
n=2: @ @ “valence bond” connects neighboring sites
1= "|) 1 Is! " #1

"o Ho



diagrammatic

, Ground state
representatlon

o o Regard each spin-| as a pair of spin-1/2
0"
11, 0 , 0, 1 1. 14 . .
sh” #1t Wl & %) = L— ¥ # ¥ =1__, .4 singlet state (spin-0
oo ST HSUSWIEI%Y = 1S( L # L )= Rl glet state (spin-0)
0
Q L1 |O"#$$| + \1"9%(#$&| + #&9Y) + |2"#&E projector to spin- |
8 s 1 s 10 0 0
="05@1 00 0)+"151=—0 1 1 0+"050 0 0 1 ="0 & & 0%
0 0 2 1 0 0 0 1
Check: l|s! =0 v
n=2: @—@ “valence bond” connects neighboring sites
N T W
P =(! 1) |S! 11,1 2,71,7 2 arbitrary! spin-1/2 “edge states’ !

| 2 #2



diagrammatic

, Ground state
representatlon

o o Regard each spin-1| as a pair of spin-1/2
0"
11, 0 , 0, 1 1. 14 . .
sh” #1t Wl & %) = L— ¥ # ¥ =1__, .4 singlet state (spin-0
oo I HS(SWIEI W= (L E D)= L glet state (spin-0)
0
O L1 |O"#$$| + \1"9%(#$&| + #&9Y) + |2"#&E projector to spin- |
8 s 1 s 10 0 0
="05@1 00 0)+"151=—0 1 1 0+"050 0 0 1 ="0 & & 0%
0 0 2 1 0 0 0 1
Check: l|s! =0 v
n=2: @—@ “valence bond” connects neighboring sites
L =(1 " | T | " - PR I - v - « » |
=1 1) " |S! #, '1,' 2, 1, 2  arbitrary! spin-1/2 “edge states” !

PEN1=0 = ground state (Only spin-2 states have P@ £0. (I ! !)triplet ! triplet) )



T 1 - #
r=(r o st st
b= ) » s | i,
general n:
T 1 - #
‘l | :(I " | " ...n | ) ) 1 " ‘SI " |S| " ...u ‘SI " 1
2 #2
L N> ! H N>
n nl 2

2
Eo = §(n 1) 4-fold degenerate

How to prepare!



) = Z gy |TT0) m) =|my...mamy) mM;=0,12 qutrits “physical space”
r1=1,...,n
am = (LA ... A5 AT R)
1 1,
L] = (! ! Rl = —
‘ ( 1 2) | 5 ! )
- X =2
2 0 1 11 0 200
0 — 1 n 0 _
Ai = 3 0 0 Ai = 3 0 11 Ap =1 3 1 0 translational invariant
Z A?’TAZ;WJ =1 (left) canonical
sequential preparation: depth ~ n
constandlepth via fusion measurements Smith et al 2210.17548

use symmetries of MPS to remove defects



Dicke states



Dicke states

| Dy !]: completely symmetric state of |1!’s and |O!‘s

T

[ol

o

1!



Dicke states

\@ : completely symmetric state of |1!’s and |0!‘s

T

K

[ol

[ total # qubits = Il ]

1
0

1!



Dicke states

D! : completely symmetric state of |1’s and |O!‘s

T T

K n! k

[ol

total # qubits = Il

1
0

1!



Dicke states

1
D! : completely symmetric state of |1!’s and |0!‘s 0! = 0 11 =
K n! K total # qubits = I

Ex:

1 (
D21 = *= (/1100 + |1010 + 0110 + |1002 + [0101 + \oou}

0012 = [OI" oI |t |1



Dicke states
1

IDy! : completely symmetric state of |1!’s and [O!'s 0! = 0 11 =
K n! K total # qubits = I

Ex:
1
\Dg! = "—6(|110(] + (1010 + |0110Q + |1001 + |0101 + |0011)

0012 = [OI" oI |t |1

N[

Pt s Ko S =1 Y 5= § 5,

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

| | gi é.gi+1 ! SZ = | | gi égj

i N



How to prepare on quantum computer?

. " : k " 1 . .
Cannot implement D! S "jo " S is not unitary
Instead:

nN| — (! (n" K)pq! k “ ”
le.! = |0 |11 reference” state (product)
We seek:
Un [&! = [Dy!
T
|
“Dicke operator” ® unitary

® independent of K



key idea: recursion! [Bartschi, Eidenbenz 2019]

, 1
EX: D41 = *= (/1100 + 1010 + [0110 + |1002 + |0102 + [0011)

1 P * P

(|110 + |[101 + [012)" |O! (|100 + |010 + |[0OL) " [1!



key idea: recursion! [Bartschi, Eidenbenz 2019]

, 1
EX: D41 = *= (/1100 + 1010 + [0110 + |1001 + [0101 + [0011)

Tt P

Tt P

(|110 + |[101 + [012)" |O! (|100 + |010 + |[0OL) " |1!

1 1
D51 = Q‘ 0! + é\Df!" |1
n" k -k
D! = D' H# |0+ —|Dpy 1# |1
n n
Use ID! = Uy, |ex! on both sides:
 n#K
Unlek! = (Uni 1" 1) —— e T jor+ —\ KT
T ————— "]
e unitary
I W, €

® independent of K



W, |el! = k\eQ! L# |0+

S| x|

e, 11# |1

Un =(Un 2! )W, = Un = W

Suffices to construct Wp ’s !



Constructing Wn’s

Strategy: look for operators Im that perform Wm |€"! for fixed |

Then

Im,I! ‘le =

W |g"!

and

gt (I €™ D) =1y |€"))  for I >

Suffices to construct Imi ’s !

emt I <l
' = |

‘e|m| — |O|| (m" |)‘1|| |

ordered so as to not interfere with each other

Im,I

0 —e— R(0) —

T
[an)
3
®
fdn)
3/

m—1

R(!)

cos() ! sin(y)

sin(3)  cos(3)

circuit size & depth= O (k(n! k))



Ex: |D35!




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

Raveh, RN 2408.04729

D! = '!n! m) = |my ... momq) m; = 0,1 qubits “physical space”
fn

KA . AT2AT (O i’

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



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

Raveh, RN 2408.04729

Dy ap |’ m) = |my, ... momq) m; = 0,1 qubits “physical space”

g

(kg AT

g

A (k+1)! (k+1) matrices J) j=0,1,...,k



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

Raveh, RN 2408.04729

Dy! = ap |’ m) = |my, ... momq) m; = 0,1 qubits “physical space”
i
r=1,....mn
= 1KA™ L ADZAMI|0" i
i
Al (k+1)! (k+1) matrices ) ] =0,1,...,K qudit “bond space”

D w7 ® quasi-diagonal




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

Raveh, RN 2408.04729

Dy! = ap |’ m) = |my, ... momq) m; = 0,1 qubits “physical space”
i
r=1,....mn
= 1KA™ L ADZAMI|0" i
i
Al (k+1)! (k+1) matrices J) ] =0,1,...,K qudit “bond space”

P e ® quasi-diagonal
AT " = !j(,,lr% i m !j(,,'r% = # $n--1i+£n% ® minimal bond dimension
o
| ® exact




Z ATTA™ =1 canonical = Uilj)[0)i = Z(A;n 7)) |m); U; unitary Schon, et al 2005

—  Canuse Ui to prepare the state sequentially:
U = HUZ. ulo|or" = \K!UDE!J deterministic!
1=1 \ /

decoupled!



Z ATTA™ =1 canonical = Uilj)[0)i = Z(A;n 7)) |m); U; unitary Schon, et al 2005

—  Canuse Ui to prepare the state sequentially:
U = HUZ. ulojor " = |k D! deterministic!
i=1

Quantum circuit is similar to Bartschi-Eidenbenz



Other approaches:

® Y Wang, BTerhal 2104.14310

e H Buhrman, M Folkertsma, Loff, N Neumann 2307.14840

e L Bond, M Davis, ] Minar, R Gerritsma, G Brennen, A Safavi-Naini 2312.06060

e | Piroli, G Styliaris, ] Cirac 2403.07604

® J.Yu,S.Muleady, Y-XWang, N. Schine, A. Gorshkov,A. Childs 241 1.03428

e /. Liu, A.Childs, D. Gottesman 2411.04019



