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Commercial Applications of Quantum Computing ?

Cybersecurity &
Cryptography

Computational
Chemistry

Financial Artificial
Modelling Intelligence
Complex Logistics
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Are Quantum Computers needed for Quantum Chemistry / Materials Science?

Quantum computers may be able to efficiently However... heuristic classical methods might be enough

solve the ground state eIeCtron_'c structure Evaluating the evidence for exponential quantum
of complex molecules and materials: advantage in ground-state quantum chemistry

Seunghoon Lee, Joonho Lee, Huanchen Zhai, Yu Tong, Alexander M. Dalzell, Ashutosh Kumar, Phillip

Helms, Johnnie Gray, Zhi-Hao Cui, Wenyuan Liu, Michael Kastoryano, Ryan Babbush, John Preskill, David

R. Reichman, Earl T. Campbell, Edward F. Valeey, Lin Lin & Garnet Kin-Lic Chan
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Quantum Computers VS Tensor Network algorithms?

W= v, k)1

Actually, quantum computers can accelerate (exponentially!?) tensor network algorithms...
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Outline

1 - Motivation:

e MERA on qubits (g-MERA)

2 - MERA gquantum channel

e Eigenvalue decomposition
e Symmetries
e Derivative descendants

3 - Emergent structures in the causal cone

e Space resolved patterns

e MPO for channel eigen-operators
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MERA is a ‘holographic’ tensor network:

Vidal 2007, 2008 (talk in Benasque 20057?)
Evenbly, Vidal 2009

depth

. 2N tensors
log(NV)

N qubits

ground state of 1d system (e.g. spin chain)
represented as a 2d tensor network (space + scale)



accurate representation of ground states of critical systems
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MERA is a quantum circuit:

disentangler isometry
two-body unitary gate



MERA is a quantum circuit:

disentangler isometry also a

two-body unitary gate two-body unitary gate



MERA is a quantum circuit:
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MERA is a quantum circuit:
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MERA is a quantum circuit:
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entanglement introduced sequentially at different length scales
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MERA is a quantum circuit:
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causal cone (O4) = (YrEra |04 | ¥ MERA)




causal cone (O4) = (YrEra |04 | ¥ MERA)




Simulating an N-qubit wavefunction with O(1) qubits

(Sufficient for optimization with 1D non-local Hamiltonian, e.g. V= Z |:l_";,l )
Local observable: O(1) qubits (e.g. 3) k-point correlator: exp(k) qubits

(Sufficient for optimization with 1D local Hamiltonian) (e-g- 9 for 3-p0|nt correlator)



Experimental implementation of MERA on a quantum processor

ar <1V > quant-ph > arXiv:2109.09787

Quantinuum/Honeywell HG using 6 qubits

Quantum Physics
[Submitted on 20 Sep 2021]

Preparing Renormalization Group Fixed Points on NISQ Hardware
Troy J. Sewell, Stephen P. Jordan

dar (1v > quant-ph > arXiv:2203.00886

Quantinuum/Honeywell H1 using 10 qubits ~ Quantum Physics

[Submitted on 2 Mar 2022]

Holographic quantum simulation of entanglement renormalization circuits

Sajant Anand, Johannes Hauschild, Yuxuan Zhang, Andrew C. Potter, Michael P. Zaletel

= | I'J(lv > quant-ph > arXiv:2305.01650

Quantum Physics Quantinuum/Honeywell H1-1 using 20 qubits
[Submitted on 2 May 2023 (v1), last revised 3 May 2023 (this version, v2)]

Probing critical states of matter on a digital quantum computer

Reza Haghshenas, Eli Chertkov, Matthew DeCross, Thomas M. Gatterman, Justin A. Gerber, Kevin
Gilmore, Dan Gresh, Nathan Hewitt, Chandler V. Horst, Mitchell Matheny, Tanner Mengle, Brian
Neyenhuis, David Hayes, Michael Foss-Feig

two-point correlator
for critical ising model
on 128 quantum spins




Qubit MERA (q-MERA)

A layer of MERA is a coarse-graining transformation

R R

How can we make MERA
more expressive / accurate?



Qubit MERA (q-MERA)

A layer of MERA is a coarse-graining transformation
depth D = 2

How can we make MERA

more expressive / accurate? q-MERA (MERA on qubits)
See also:
Arguello-Luengo 2017
By increasing the depth _D Haegeman, Swingle, Wallter, Cotler, Evenbly, Scholz, 2017
Kim, Swingle 2017
Fishman, White 2015, Evenbly, White 2016 Haghschensas, Gray, Potter, Chan, 2021

Miao, Barthel, 2021



Qubit MERA (q-MERA)

Single layer of MERA and width of causal cone

E— [ )
(—

depth D =2 ——

(2D-1 =) 3 qubits depth D =3

(2D—-1 =) 5 qubits

(

depth D =4
(2D—1=) 7 qubits



Qubit MERA (q-MERA)

Single layer of MERA and width of causal cone

— ( ) (
=
depth D =2 -
(2D—1 =) 3 qubits depth D =3 [
(2D—1=) 5 qubits depth D =4
(2D—1=) 7 qubits
computational resources
5 5 classical quantum
: 2D—-1 2D—-1
[P 15 2 X 2 ] memory O(exp(D)) | O(D) qubits on
time O(exp(D)) depth D circuit

Exponential quantum advantage?



* A comment for tensor network experts:

How can we make MERA
more expressive / accurate?

74

traditionally:

xMERA

Vidal 2007
Evenbly, Vidal 2009

By increasing the bond dimension Y’

j:‘4><4 = H X2 X x*

X

[] Quantum Al

AN

bond dimension y = 2

depth D =2

d-MERA (MERA on qubits)

By increasing the depth [

Fishman, White 2015, Evenbly, White 2016




* A comment for tensor network experts:

How can we make MERA
more expressive / accurate?

74

traditionally:

xMERA

By increasing the bond dimension Y’

Vidal 2007
Evenbly, Vidal 2009

X

j:‘4><4 = H X2 X x*

[] Quantum Al

bond dimension y = 2

depth D =2

AN

d-MERA (MERA on qubits)

T 111 T T 17T 1T 17T 17 1T T
By increasing the depth [

Fishman, White 2015, Evenbly, White 2016

Xsz X Xsz

Xeff = 2D—1




Summary so far:

MERA is a variational ansatz for (quantum critical) many-body ground states

X-MERA
\ S basis for
(increase bond dimension X ) classical algorithms
T
-MERA
_ a | D basis for
(increase layer depth L) ) | D quantum algorithms

(e.g. VQE)
D

[] Quantum Al



Summary so far:

MERA is a variational ansatz for (quantum critical) many-body ground states

*MERA

(increase bond dimension X )

A

This talk:
g-MERA

(increase layer depth ) )

D

iy

[] Quantum Al

basis for
classical algorithms

basis for
quantum algorithms
(e.g. VQE)



Outline

1 - Motivation:

e MERA on qubits (g-MERA)

2 - MERA quantum channel

e Eigenvalue decomposition
e Symmetries
e Derivative descendants

3 - Emergent structures in the causal cone

e Space resolved patterns

e MPO for channel eigen-operators
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MERA quantum channel Key step in MERA algorithms, both classical and quantum

depth D =2 depth D =3 depth D =4
(2D—-1=) 3 qubits (2D—1=) 5 qubits (2D—1=) 7 qubits
computational resources
. 2D— 2D—
p 18 2 ! X 2 ! classical guantum

memory O(exp(D)) | O(D) qubits on
0 Quantum Al time O(exp(D)) depth D circuit



MERA quantum channel

Our goal: diagonalize this channel

depth D =4
(2D—1 =) 7 qubits

[] Quantum Al

Why? Extraction of universal (conformal) data, e.g. scaling dimensions

input: MERA tensors optimized for ground state of . eveny,
(modified) critical transverse field Ising chain ~ White 2016

H=- )Y (XiXin — Xi1Z:Xi11)

i=—00

|:HIsing =— Z (XiXi1 + Zi)

i=—00

output:  Dominant eigenvalue decomposition of
MERA quantum channel C

x—1
C — Z;) )‘Oé|:5a)(95a‘



MERA quantum channel

Eigenvalue decomposition of MERA quantum channel C

lots of terms!!! ) , )
\ eigenvalues (real or complex pairs), with |)\a| <1
22n_

1 / L=MXo > [A1] > > [Agon_4]

C — Z )‘Olllaa)(gaa|

a=0
“density matrices”

primal eigen-operators

C’@a) — A04|é01)

or C[éa] = )‘aéa

depth D =4
(2D—1 =) 7 qubits

[] Quantum Al



MERA quantum channel

Eigenvalue decomposition of MERA quantum channel C

lots of terms!!! ) , )
\ eigenvalues (real or complex pairs), with |)\a| <1
22n_

1 / L=Xo > || > > Ao

C — Z )‘04|15a)(¢a|

a=0
“density matrices” “observables”

primal eigen-operators dual eigen-operators
C|@a):Aa|éa) (¢a|C:Aa(¢a|
or C[a,] = Aads or C'ga] = Aot

depth D =4
(2D—1 =) 7 qubits

n Quantum Al



MERA quantum channel

depth D =4
(2D—1 =) 7 qubits

[] Quantum Al

Eigenvalue decomposition of MERA quantum channel C

lots of terms!!! ) , )
\ eigenvalues (real or complex pairs), with |)\a| <1

2n—1 7
C: Z )‘Olllaa)(gaa|
a=0

“density mat}ices/ “obJervab/es”

1=MX > |)\1‘ > e > ’A22n_1’

primal eigen-operators dual eigen-operators
C’@a):Aa|éa) (¢a|C:Aa(¢a|
or C[a,] = Aads or C'ga] = Aot

|0,) and (¢, |are not Hermitian
conjugates (g, | # [2,)’

example: Ao =1 (ol =1

|@0) fixed-point density matrix




MERA quantum channel

depth D =4
(2D—1 =) 7 qubits

[] Quantum Al

Eigenvalue decomposition of MERA quantum channel

lots of terms!!!

\

2n—1 7
C: Z Aa|ﬁa)(¢a|
a=0

“density mat/ces/ “obJervables”

eigenvalues (real or complex pairs), with [Aq| < 1

primal eigen-operators

C’@a) — A04|é01)

dual eigen-operators

(9501 IC — Aa (Saa |

or C[@a] = )‘a@a

|0,) and (g, |are not Hermitian
conjugates (¢, # |2.)!

example: Ao =1 (ol =1

|@0) fixed-point density matrix

or CT[()Ba] — )‘069504

{la)} and {(¢q |}

are not orthonormal bases

(0al0p) # 0ap  (PalPp) # dap
they are instead bi-orthonormal bases

(P l0p) = dap

1=2X0 > [A1] > - > [Agon_q |




MERA quantum channel

Dominant eigenvalues of MERA quantum channel

® Amoldi
e CFT data
[ ]
s 08
f<
. Q
Arnoldi 2 o6
\ . 1]
iteration z .
Y os
|:: > o
for dominant LR R KRR R
eigenvalues ood—1L | [ 1 1 | |
of non-normal 00 25 50 75 100 125 150 175 20.0
matrix a

p is a 128x128 matrix

[] Quantum Al



MERA quantum channel

Dominant eigenvalues of MERA quantum channel
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MERA quantum channel

Arnoldi
iteration

—

for dominant

eigenvalues
of non-normal
matrix
P is a 128x128 matrix
—-A
)\a = 2 @
. scaling
eigenvalues di .
imensions

A, = —log, ()‘a)

[] Quantum Al

eigenvalue A,

scaling dimension A,

Dominant eigenvalues of MERA quantum channel
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MERA quantum channel

Arnoldi
iteration
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for dominant

eigenvalues
of non-normal
matrix
P is a 128x128 matrix
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. scaling
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eigenvalue A,

scaling dimension A,

Dominant eigenvalues of MERA quantum channel
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[Evenbly, White 2016]



MERA quantum channel
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for dominant

eigenvalues
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—-A
)\a = 2 @
. scaling
eigenvalues di .
imensions

A, = —log, ()‘a)

[] Quantum Al

eigenvalue A,

scaling dimension A,

Dominant eigenvalues of MERA quantum channel
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without symmetries vs

Scaling dimensions A; = — logz (A,)
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00 125 150 175 200

scaling dimension A

Spin flip even (az=0, ar, agr)

d2e e

axh axp axatf
4 2 @

h OxE
&

pe g

/]
’ !

(0,0,0) (0,0,1) (0,1,0) (0,1,1)

ZzXZzXZz

W|th Sym metnes (spin-flip, matrix transposition, space reflection)

Spin flip odd (az=1, ar, ar)

2+1/8 1

1+1/8 1

/8

axato
]

(1,0,0) (1,0,1) (1,1,0) (1,1,1)




symmetries oo

Hamiltonian H=-— Z (XiXi+1 — X1 ZiXi+1) [Hlsing:—ii(XiXi+1+Z,-)
Z[Z) =2 o
Z[X]=-X
spin flip Bozoogy
z ZH-H - _

——————— T T T T

[] Quantum Al



symmetries

Z[Z)=2Z
Z[X]=-X

spin flip

*

[] Quantum Al

(o .¢]

Hamiltonian H = — Z (XiXi+1 — Xi_lziXH_l)

1=—00

Bozoogy

EEETEEE

complex
conjugation [H]* — H [ ..




symmetries oo

Hamiltonian H = — Z (XiXi+1 — X1 ZZ'XZ'+1) [Hlsing:—ii(xixm +Z)
Z[Z)=2 o
Z[X]=-X
spin flip ——————— IR
Z Z[H] o H . p— o o0 | — }|I —— oo
BB * B8
complex ) I R N B T IR R
conjugation [H] _H { i } — ... H
* 1T 1T 1 1 1 1T 1T 1 |

matrix I
transposition T[H] — H .o %ﬁ@ﬁﬁﬁ v =— e H “o
T T 1T T 1T 171

[] Quantum Al



symmetries

Z[Z)=2Z
Z[X]=-X

spin flip
Z

complex
conjugation
*

matrix
transposition

T

space
reflection

R

[] Quantum Al

Hamiltonian H = — Z (XiXi+1 — Xl;lZZ-XZ-H)

1=—00

Bozoogy

G [ L A
A S s R
TH=H OO =
RIH] ==




symmetries

Z[Z)=2Z
Z[X]=-X

spin flip
Z

complex
conjugation
*

matrix
transposition

T

space
reflection

R

[] Quantum Al

Hamiltonian H = — Z (Xin'+1 — Xl;lZZ-XZ-H)

1=—00

Bozoogy

PHI=H pamsees
=g o =
TH=H OO =
RIH] e

(+ translation invariance)

[H Ising = —

oo

Z (XiXiv1 + Zi)

i=—00




symmetries

M E RA tenso rs * These symmetries were already included in [Evenbly, White 2016]

Z(Z] =27 isometry disentanglers
ZX]=-X

spin flip
Z A =

complex
conjugation
*

matrix
transposition — —

T

space é A
reflection S @ — ’:‘
R Y

[] Quantum Al (+ translation invariance)




Symmetries of the MERA quantum channel

One can see that the super-operators

6727 H*vTaR

commute with each other.

[] Quantum Al



Symmetries of the MERA quantum channel z--3 xx..-x.zx.) examples:

1=—00

One can see that the super-operators I @@@@@@ a =01 fo:Sp:n f:ip jve,n/ordl Z|Z)=2
Z[0]=+0 l@@@@@@ =" Z[X]=-X
7

6727[]*7T7R

commute with each other.

Therefore we can diagonalize the
MERA quantum channel C using
real 128x128 matrices () that are
invariant under spin-flip, matrix
transposition and space reflection.

[] Quantum Al



Symmetries of the MERA quantum channel z-- $ xx. - x.zx.

One can see that the super-operators

Crz}[r77372

commute with each other.

Z[0]=10 |

~NH -
N -
O

complex conjugation

Therefore we can diagonalize the
MERA quantum channel C using
real 128x128 matrices () that are
invariant under spin-flip, matrix

transposition and space reflection.

[] Quantum Al

examples:



Symmetries of the MERA quantum channel z-- $ xx. - x.zx.

One can see that the super-operators

5322[]*,7373

commute with each other.

Therefore we can diagonalize the
MERA quantum channel C using
real 128x128 matrices () that are
invariant under spin-flip, matrix
transposition and space reflection.

[] Quantum Al

spin flip

1=—00

O

N HN-
N HN-

o"=0 P

matrix transposition

T[0]=+0 i)

aT:(J,l

for transposition even/odd

I Y A

55 <

examples:
Z(Z|=2Z
ZX]=-X
Z) =2
Y] =Y
T[Z)=Z
T[iY] = —iY



Symmetries of the MERA quantum channel z-- $ xx. - x.zx.

One can see that the super-operators

6727 []*7T7R

commute with each other.

Therefore we can diagonalize the
MERA quantum channel C using
real 128x128 matrices () that are
invariant under spin-flip, matrix
transposition and space reflection.

‘@a)7 (Saa‘ = (CLZ, ar, aR)

(spin-flip, matrix transposition, space reflection)

[] Quantum Al

examples:

1=—00

spin ﬂip , az :0’1 for spin flip even/odd Z[Z] — 7
2[0] = +0 s e IV SRS Z[X] = -X
T BRRRRE

complex conjugation , [Z]* —7
* I R . L1 A1 | |
[O]—O [|||\(|)||||1_||||U||\|| Y] =Y
matrix transposition ar =0.1 for transposition even/odd
— A ’aT|||111| TZl=2
T[O] N iO @Z;Ijm - (_1) | [T (I} T l T[iY] = Y

space reflection
RIOJ=40 =2 = (pcrmgi

ag = 0, 1 for reflection even/odd R[ZZ] =77
[

ZQ X Zz X ZQ x—1
C: Z/\a|ﬁa)(¢a‘
a=0



scaling dimension A,

without symmetries vs

Scaling dimensions A; = — logz (A,)
® Amoldi .
e Eeeey
30 Py L L] L
25 -
20 oo e
15 -
L)
0.5 -
°
00 {®

00 25 50 75
a

00 125 150 175 200

scaling dimension A

Spin flip even (az=0, ar, agr)

92 37 9xh  oxp 0x0:€
3 1 & 4 L 4
h OxE  Ot€
2 4 L 2 @x Ot P

&
1 ) 4
7
0 - hd

(0,0,0) (0,0,1) (0,1,0) (0,1,1)

. i Zz X Zz X ZQ
Wlth Sym metrles (spin-flip, matrix transposition, space reflection)

Spin flip odd (az=1, ar, ar)

2+1/8 A

1+1/8 1

/8

axato
]

(1,0,0) (1,0,1) (1,1,0) (1,1,1)

With spin flip Z, matrix transposition 7~ and space reflection 7R symmetries we can
identify individual eigen-operators within degenerate multiplets

[] Quantum Al




scaling dimension A,

without symmetries vs

Scaling dimensions A; = — logz (Ag)
® Arnoldi J
= EXD
3.0 Py L L] L
25 -
20 OO0
15
L)
0.5 -
°
00 {e®

00 25 50 75
a

00 125 150 175 200

scaling dimension A

Spin flip even (az=0, ar, agr)

92 37 9xh  oxp 0x0:€

3 1 @ \ 4 L 4
h OxE  Ot€

2 L 2 £ 2 t P
E

1 4
7

0 4 hd

(0,0,0) (0,0,1) (0,1,0) (0,1,1)

. . ZQ X ZQ X Zz
Wlth Sym metrles (spin-flip, matrix transposition, space reflection)

Spin flip odd (az=1, ar, ar)

2+1/8 A

1+1/8 1

/8

axata
]

(1,0,0) (1,0,1) (1,1,0) (1,1,1)

With spin flip Z, matrix transposition 7~ and space reflection 7R symmetries we can
identify individual eigen-operators within degenerate multiplets

[] Quantum Al

We can still not distinguish second order derivative doublets (820, d?0) and (dZ¢, d7€)




Derivative descendants

How can we relate a scaling operator
with its derivative descendants?

[] Quantum Al



Derivative descendants

How can we relate a scaling operator
with its derivative descendants?

Given O, H — 0,0 = i[H, O]

Hamiltonian operator

5= = Z (XiXit1 — Xic1Zi Xi)

1=—00

[] Quantum Al

?. @y

(ol < —
< (0 ¢

Given O,P — 0,0 =1|P, O]



Derivative descendants

How can we relate a scaling operator
with its derivative descendants?

Given O, H — 0,0 = i[H, O]

Hamiltonian operator

oo

H=- Z (XiXiv1 — Xic1ZiXis1)

!

Hamiltonian density

1
h; = _§(Xi—1Xi + XiXin1) + Xio1Z: X

[] Quantum Al

P
y (atSOI
< (8, ]

Given O,P — 0,0 =1i|P, O]



Derivative descendants

How can we relate a scaling operator
with its derivative descendants?

Given O, H — 0,0 = i[H, O]

Hamiltonian operator

H=- z (XiXiv1 — Xic1ZiXis1)

1=—00

J

Hamiltonian density

1
h; = _§(Xi—1Xi + XiXin1) + Xio1Z: X

<

Energy conservation (continuum)

[] Quantum Al

? (B
| < —
(0, |

Given O,P — 0,0 =1i|P, O]

Momentum operator
o0

P=-) (XY - YiXin)

T

momentum density

Pyl =— (X;Yiy1 —YiXiq1)

1)

Energy conservation (lattice)

E:> Ohj =i[H, hj] = — (Pj+§ _pj—i)



Derivative descendants

? e
(Ol
How can we relate a scaling operator (90’ < o
with its derivative descendants? ( ) |
z P
Given O, H — 0,0 =[H, O] Given O,P — 0,0 =1i|P, O]
(cheap alternative: use finite difference)
Hamiltonian operator Momentum operator
(0. @]
H=- )Y (XiXi1 - Xi1ZiXi1) == Z (Xi¥in = ¥iXirn)
1=—00 1=—00
(0 |
( A‘ (aZ7’ aR)
(az,ar,ar) J—
(8¢
(az,ar,(ag)

[] Quantum Al



(6:6] = i[H, (5]] ~ (B0

Example: (6’| (11,0

(1,0,0)

n Quantum Al



(8:8,0| = i[H, (8,0]] ~ (820

(1,0,0)

-~ (1,1,0) (8$5¢f;| - Z[P’ (5t;” — —_—
Example: (0’| Y - ¢~ (00,0 = (0,00
(1,0,0) N ) N (0:0z0| = 1|H, (0y0]] (1,1,1)
LoD (00,0 =[P, (0,0 ~ (020]

(1,0,0)

[] Quantum Al



Example: (6‘|
(1,0,0)

Final numerical
identification of
eigen-operators:

[] Quantum Al

(8:8,0| = i[H, (8,0]] ~ (820
(1,0,0)

(8:6] = i[H, (6]] ~ (B (0,B10| = [P, (55;]} (

(1,1,0) - o atawal — (awat0'|
A . = (6:0;0] = i[H, (0, 0]] 1,
(0.5 = i[P, (] ~ (@00} oo N
(0:0r0| =i[P, (0,0|] ~ (02|

(1,0,1)
(1,0,0)
Identity ¢ Spin o Energy density €
axh @ = (10,0) O2E 3,0 O%€
3. 5 %P o oy | 5] SE OXE %
" (1,1,0)
< a3 " (11,1
E
ke 94 /" |9x 320 949:0 320 O, [9xd /ox
n 2418 = = 4 v
o ] A 2 T W
GE) h p t X
© at aXat aX at ax
= ¢ (00,0 1+1/8 1 = L]
= ¢ (00 0t0 9x0 1 -
b ® (010 £
0n ¢ (011 at ax
’,f 18 io_




Outline

1 - Motivation:

e MERA on qubits (g-MERA)

2 - MERA gquantum channel

e Eigenvalue decomposition
e Symmetries
e Derivative descendants

e Space resolved patterns
e MPO for channel eigen-operators

[] Quantum Al



Emergent structure in primal and dual eigen-operators

traditional numerical simulations: motivated by implementation with quantum processors:

X-MERA g-MERA

—
HMHK
D

3 x-level systems

( )
2D —1 qubits

We can now investigate the space-resolved structure of the eigen-operators

[] Quantum Al



Emergent structure in primal eigen-operators

position in causal cone j=-3 -2 -1 0 1 2 3
|
Primal eigen-operator 2
of the qugntumpchannefa pa )|(
I nI | I nI | I nI | I (I\I
AV AVAVRV AV VA VAV AV VRV A VRVACAVAVAVA e VAVAVAVRVAA
(X-3lp,) (X-21p,) (X-11p,) (X3/ps)
= tr(X 3p,) = tr(X 2p,) = tr(X_1p,) = tr(X3p,)

n Quantum Al



Emergent structure in primal eigen-operators

position in causal cone j=-3 -2 -1 0 1 2 3
|
Primal eigen-operator 2
of the qugntumpchanne?Jr pa )|(
InI | I nI | I nI | I (I\I
AV AVAVRV AV VA VAV AV VRV A VRVACAVAVAVA e VAVAVAVRVAA
(X-3lp,) (X-2(ps) (X-1lps) (X3lp,)
= tr(X 3p,) = tr(X 2p,) = tr(X_1p,) = tr(X3p,)
Empirical results: e B s

— 32O

(Xjlp,) = tr(X;p,) ~ ao o BRI
(Xjlpo,0) =tr(Xj pgg) ~arj o] /\
(Xilpaz,) = t0(Xj ppzy) ~ a2 j° il

[] Quantum Al




Emergent structure in primal eigen-operators

position in causal cone J = -3 -2
Primal eigen-operator ﬁa ,5
of the quantum channel g
N N

—

VVIAAVAVE A

(X-31p,) (X-21p,)

\

= tr(X 3p,) = tr(X 2p,)

Empirical results:

(leﬁa) — tr(Xjﬁa) ~ Qg

(Xj1po,0) = tr(Xj po,s) ~ a1 ]
(Xjlpa2,) = tr(X; p2,) ~ a2 5°

[] Quantum Al

100 A

0.75

0.50

025 4

£

000

-0.25

-0.50

-0.75

—=1.00 A

\

= tr(X1p,)

—

— 2o

2

General expression (Taylor expansion of scaling fields):

A ~ -k
(Xilpors) = tr(Xj pgi,) ~ an J

Application: we can finally distinguish between 330 and 3t20 1



Emergent structure in dual eigen-operators

position in causal cone | = -3 -2 -1 0 1 2 3

A

Dual eigen-operator (J

of the quantum channel 7 o )|(
Inl | I nI | I nI | I (I\I
AVAVAVAVAVAVAVACIVAVAVAVAV AR VAVACAVAVAVAY VUUUUUE
(61X_3) (61X _2) (61X-1) (6]X3)
= tr(X_35) = tr(X_25) = tr(X_15) = tr(X36)

n Quantum Al



Emergent structure in dual eigen-operators

position in causal cone | = -3 -2 -1 0 1 2 3

A |

Dual eigen-operator (J

of the quantum channel 7 o X
|
Iml | I nI I (I\I
GUUTITY ot ATV
(61X-s) (01X 2) (6]X3)
= tr(X_36) = tr(X _26) = tr(X30)

Empirical results:
. 1 .
(613) ~ exp( ~  (i/a0))

(3:01,) ~ jesp (5 /o)

(@) ~ (- Dy exp -} (/e

[] Quantum Al _ !




Emergent structure in dual eigen-operators

position in causal cone j=-3 -2

A

Dual eigen-operator (J

-1 0

1

2

3

_

of the quantum channel

o

GUUVUUV

(_
T
—

(61X-3) (61X -2)
= tr(X_35) = tr(X_26)

Empirical results:

. 1,
(613) ~ exp( ~  (i/a0))
— . 1,
(3:01,) ~ jesp (5 /o)

(@Fol;) ~ (7 = By exp - 5 (/aa)’

n Quantum Al

) -0.75 A

VUUUUU®

(6]X3)
= tr(X3&)

General expression (polynomial from finite differences):

(0F0%) ~ P exp 3 (/)

A — X5 —X_ — X7 —2Xo+ X_
&~ Xo 5o~ 1 1 Do 1 0o+ 1

0 ~

2 4



Emergent structure in dual eigen-operators

dual eigenvectors ~

primal eigenvectors

10° g
1073 : :,.h

— WP 9
i 2" coefficients

10-3 4
10-);
107 1 1

bond dimension
X

Practical application: given

Q

operator entanglement structure,
we can approximate with a matrix
product operator (MPO)!

O(nx?) coefficients

n Quantum Al



SU mmary In collaboration with:
- Quantum Computer vs Tensor Networks?

- Quantum Computers can accelerate Tensor Networks

- MERAIs already a quantum circuit (but x-vERA — g-MERA) Riley Chien

PhD at Dartmouth College (May 2023)

Student researcher at Google Quantum Al

| > basis for

ﬁ%ﬁﬁ:ﬁﬁ ﬁ classical algorithms
=X
-MERA / |
basis for

| > quantum algorithms
D (e.g. VQE)

[] Quantum Al



SU mma ry In collaboration with:

We diagonalized n-qubit
MERA quantum channel

(for n=7 instead of n=3 — we can now resolve in space) Riley Chien

PhD at Dartmouth College (May 2023)

Student researcher at Google Quantum Al

Identity ¢ Spin o Energy density €
M . . . . h 9y = (1,0,0) 26 9,0 92€
Symmetries help identify eigen-operators with S o :oin | R
CFT scaling operators § | oY% | | 0 a90 0 % fosdh [o
E’ 2 ’h ;; 2 Bt€’ *BXS
. . . - at 3x3r Ox
" Space-time derivatives connect descendant gz | . «» N
; eigen-operators R | 2 fo )
02! i B .0
=7y We discovered space-resolved emergent properties
a ‘ which allow us to

- distinguish between derivative descendants where symmetries
are not enough

- suggest more efficient MERA algorithm (based on MPQO) W
[] Quantum Al



THANKS!

[] Quantum Al



Fermionic super-operator

for non-local operators

[] Quantum Al

- ZZZZZ O

scaling dimension A

scaling dimension A

2+1/8 A

1+1/8

18 1

2+1/8 4

1+1/8 1

0+1/8 1

Spin flip even (az=0, ar, agr)

Spin flip odd (az=1, ar)

A B
Lz, LZ,
2 2 2+1/2 A & > & & 5
ax” at"l Ox0tH axWO axull
L 3 2 L 2
1+1/2 4 A &
. OxM .atIJ 9xWo IxY1
12 A A %
o Yo W1
(0,0,0) (0,0,1) (0,1,0) (0,1,1) (1,0 (L1

Disorder u Fermions yo, Y1
® (0,0,0)
® (00,1 5 3
® (01,0
2 2 7 A 2 B
atO'. axetIJ .axIJ Léz LZ,
Oy Ot/ 010y
Ot ax 9t Ay 1+1/2 | OxWo+ + Oxlph
L L l
ot 4 OxM Ox] 0t} 0t Ox
ot ’ax 12 4 & A
4 (1,0)
L 2 (pUO WI A (1,1)
M
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