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Abstract: In the first half, | will demonstrate an efficient and general approach for realizing non-trivial quantum states, such as quantum critical and
topologically ordered states, in quantum simulators. In the second half, | will present a related variational ansatz for many-body quantum systems
that is remarkably efficient. In particular, representing the critical point of the one-dimensional transverse field Ising model only requires a number
of variational parameters scaling logarithmically with system size. Though optimizing the ansatz generally requires Monte Carlo sampling, our
ansatz potentially enables a partial mitigation of the sign problem at the expense of having to optimize afew parameters.
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Superconducting
Circuits
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e.g. Monroe group e.g. Martinis group
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Accessing Quantum
Many-Body States
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Prepare nontrivial quantum states
using real time evolution

Pirsa: 19040114 Page 6/52



Accessing Quantum
Many-Body States

On Quantum Computers On Classical Computers

Superconducting
Circuits

Trapped lons

e.g. Monroe group e.g. Martinis group
U. Maryland/lonQ UCSB/Google

Prepare nontrivial quantum states . Efficient variational wavefunction
using real time evolution using imaginary time evolution
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Collaborators

Real time Imaginary time

Wen Wei Ho Matt Beach Roger Melko Tarun Grover
(Harvard)  (UW/Perimeter)  (UW/Perimeter) (UCSD)
SciPost Phys. 6, 029 (2019) arXiv: 1904.00019 (2019
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Part |

General protocol for preparing nontrivial quantum states

—

Source: Pinterest
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Motivation: QAOA
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Farhi, Goldstone, Gutmann (2014)
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Motivation: QAOA
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Farhi, Goldstone, Gutmann (2014)

Original goal: find good solution to a classical optimization problem
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Motivation: QAOA
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Farhi, Goldstone, Gutmann (2014)

Original goal: find good solution to a classical optimization problem

Find bit string satisfying as many constraints on bits as possible
(find configuration minimizing energy)
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QAOA: *Not* Adiabatic

Simple Hamiltonian Target Hamiltonian
Hx H,;

'+> {"@i’t)
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QAOA: *Not* Adiabatic

Simple Hamiltonian Target Hamiltonian
Hx H,
’+ > \’l.i’t)

Quantum Approximate Optimization Algorithm:

Farhi, Goldstone, Gutmann (2014)
Wecker, Hastings, Troyer (2015)

[¥) = e~ WBpHx o—ivpHe | —iB1Hx ,—im1 Hy +)
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QAOA: *Not* Adiabatic

Simple Hamiltonian Target Hamiltonian
Hx H,
H > W"t>

Quantum Approximate Optimization Algorithm:
Farhi, Goldstone, Gutmann (2014)
Wecker, Hastings, Troyer (2015)

‘l}f’) _ c_.iﬁpflx c—?',’\/‘p[ff_ L C—z’_[;}] H C_t‘,},_l H, ’+>

Choose evolution times to minimize energy (Y| H¢ ()
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Transverse Field Ising Model

/‘// \
\.__‘ . /“/

L L
Htrrim = — Z Zidiy1—g Z X;
i=1 i=1

g=1

> g
Ferromagnet Paramagnet

[+ ML) )

Pirsa: 19040114 Page 17/52



Warmup: GHZ (Cat) State

1
Target: |vo) = 5 ([ 111 + [ L)
L
Hy=-> ZZ
=1
Hx = X! Xi

L
Hy=—Y ZiZin
i=1
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Preparation of GHZ State
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Trajectory in Hilbert Space

L = 12, optimal GHZ preparation sequence

(thanks to C. Jonay)

1 2 3 ! D 6 9 10 11

X-cut

Entanglement growth during evolution of state
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Trajectory in Hilbert Space

L = 12, optimal GHZ preparation sequence

| p=3

PN

7 X

S(x) [bits

0

(thanks to C. Jonay)

1 2 3 ! D ¥ 7 8 9 10 11

Entanglement growth during evolution of state
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Trajectorymmay" "Zeert Space

L =12, optir ion sequence

S(z) |bits

=0
» p_ e (thanks to C. Jonay)

9 10 11

0

Entanglement growth during evolution of state
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Trajectory in Hilbert Space

L = 12, optimal GHZ preparation sequence

| p=3

7 X

Six) ‘k']i,'r,-.

p=2

p=5

/ p=1 \

0

(thanks to C. Jonay)

1 2 3 ! 5 6 7 8 9 10 11

Entanglement growth during evolution of state
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Quantum Critical State

Target: ground state of
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Quantum Critical State
Preparation
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Toric Code

L L
- T y T y
Hi==) ) 0l 4100141001,,00;

=1 53=1

Hx =-%, X

L L
] L § : E T y r y
[[’ _ (Tf.,,ld_-l”i%—l,_j;—lﬁrd‘-l_;ni,_;
=1 3=1

An operator duality maps each diagonal into a TFIM chain
Diagonals can be prepared in paralle
Use optimal angles from GHZ prep

Perfect fidelity at depthp=L/2
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Concrete Protoco

L =10,T = 5.250:

(0.2473,0.6977, 0.4888, 0.6783, 0.5559,

0.6567, 0.55568, 0.6029, 0.4598, 0.3068)
L =12.T = 6.76H1:
(0.2809,0.6131,0.6633,0.4537, 0.8653, 0.4663,
0.6970, 0.6829, 0.4569. 0.7990., 0.3565., 0.4304)
L =14,T = 8.1604:
(0.3090,0.5710. 0.6923. 0.5648, 0.5391,
0.9684. 0.3979. 0.6852, (.8235,
0.4474, 0.6930. 0.6465. 0.4120, 0.4104)

r;*f-"!ln,\"“*'“‘l H;| | >

L=16,T = 9.8198:

(0.3790. 0.5622,0.5638,0.7101,
0.9046, 0.3210, 0.6738, 0.8377,
0.8616, 0.4004, 0.5624, 0.9450,
0.5224, 0.6466,0.4119,0.5172)

L =18T = 11.1485:

(0.3830,0.4931,0.7099,0.7010, 0.5330,
0.6523,0.6887, 1.0405, 0.3083,
0.6215,0.9607,0.5977, 0.6209,
0.5597,0.7850,0.5851,0.4132,0.4948)
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Hybrid Quantum-Classical
Simulation

Optimizer

| i |

Classical Computer

Quantum Simulator

| v (?’ﬁ))r’ Readout p<"b (}7’ [’))‘ N | v (]7’ 5))

Farhi, Goldstone, Gutmann (2014)
Wecker, Hastings, Troyer (2015)

2]
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Variational Imaginary Time
Ansatz (VITA)

Given Hamiltonian H = H4 + gHp

Approximate ground state by

I)

‘UP ((I ﬁ)) — N H 0*}.«-3}” Hpg o~ Op H 4 |L'()>

p=1
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Variational Imaginary Time
Ansatz (VITA)

Given Hamiltonian H = H4 + gHp

Approximate ground state by

I)
"'f;"i-’P(a- ﬁ)) =N H (}f.;j_’)H;g U*(-%H;\ lfr"'i‘l)>

p=1

Trotter limit of € "/ |1/) achieved by taking P to infinity
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Variational Imaginary Time
Ansatz (VITA)

Given Hamiltonian H = H4 + gHp

Approximate ground state by

P
f(;,:i_,P(a‘ ﬁ)) — N H (g*.f'.))fj HH (’,7(”] H‘-\ ‘Lm“>

p=1

Trotter limit of ¢~/ \'t,-*'“.‘(,1> achieved by taking P to infinity

Small P, finite and variable time steps
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Variational Imaginary Time
Ansatz (VITA)

Given Hamiltonian H = H4 + gHp

Approximate ground state by

P
(ﬁp(a. ﬁ)) — N H (37."&!) HH (3‘—(-”; HA l(’!”>

p=1

Trotter limit of ¢~ 71

o) achieved by taking P to infinity

Small P, finite and variable time steps

for Hubbard model: P = 1 ansatz (Gutzwiller 1963, Baeriswyl 1987, Otsuka 1992)
Related ansatz (Vaezi and Vaezi 2018)
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Efficient Representation of
Critical TFIM

7 1 —o— [ = 1024
10~ —— [ =256
( —tr— |, = 64
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Efficient Representation of
Critical TFIM
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Lower Bound on Depth

A Hg || Hg||bHg || S Hp | |81 Hs || S1Hp || 81Hs || B1HE || 81Hp | [ 1HE | | B1HEs | | 81 HB

P =1 [ eHa | [ eHsa | [ aHa | | aHa | [ aHa | | eHa

a1 H 4 a1 H 4 I ayH 4 i oy H 4 [ i o H 4 [ i a1 H 4
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Lower Bound on Depth

b Hg||pHg | |81Hs || BiHe || 81HE || J1He | |51 HE || $1He | | 81Hs || 81Hs | | 81HE | | 81HE |
P=1 [ eiHa | [ @Ha | [ aHa | [ aHa | [ aHsa | | eHa

oHa | aHa | aHa | aHs | | aHa | [ oHa

iy ] = [ ]

D singular values
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Lower Bound on Depth

BiHg || He||B1He || 81Hp || B1He | |81 Hp || 81He || A1 HE | | 1Hp | |81HE | |81 HE || 81HE |
P =1 [ eHa | [ @Ha | [ aHsa | | aHa | [ aHsa | | eHa

arHa | arHa aHa | aHa | [ aHa | [ aiHa

I
mHs | = [ }— ]

IT'

D singular values

Maximum entanglement after P iterations is P log D
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Scaling Collapse

For projector method: to get target fidelity, VITA: T = 3 }:LL,(HP +i3p)

need total imaginary time 7 o L

lm.‘hg_.’\
\a\
10-3 e
Error * L=1024 LD
in fidelity 10— : ‘;—;‘l) "A,\
B =128 ‘n‘
e L =64 N
(Ve | T
0 0.05 0 0.15

Pirsa: 19040114 Page 38/52



Imaginary Time 101(i)

No Lieb-Robinson bound

\GHZ) ~ ¢ "M2Z| 1) for T constant, independent of L
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Imaginary Time 101(i)

No Lieb-Robinson bound
\GHZ) ~ ¢ ™"2Z|4) for T constant, independent of L

Local operator can generate entanglement far away

n+|11) + n-]00)
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Imaginary Time 101(i)

No Lieb-Robinson bound
\GHZ) ~ ¢ ™"22|4) for T constant, independent of L

Local operator can generate entanglement far away

o —

n+|11) + n-]00)
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Imaginary Time 101 (i)

No Lieb-Robinson bound
\GHZ) ~ ¢ ™"%Z|4) for T constant, independent of L

Local operator can generate entanglement far away

n+|11) + n-]00)
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Imaginary Time 101(i)

No Lieb-Robinson bound
\GHZ) ~ ¢ ™"2Z|4) for T constant, independent of L

Local operator can generate entanglement far away

n+|11) + n_]00)

The more initial entanglement, the more imaginary time evolution
can change the entanglement
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Exponential Growth of
Entanglement




Long-Range Correlations in
Intermediate States
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VITA via Monte Carlo

Quantum-Classical mapping: (¢V'p(a, 3)|OVp(a, B)) = Z O(8) Pe.p(s)
(5}

_o| L=64 e -
10 ..o'. ¢ P=2

_ [0 S '...

S 107 o PN ‘.,'.Y
1075 [ R e ®
10-6} ® o’f‘ ** 5 ¢

0 0.5 1 1.5 )

(transverse field)
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Non-Integrable Model

L
H=— Z ZiZiv1 —gX; — hZ,

Modify ansatz accordingly: «,Hzz — a,Hzz + v,Hz

Pirsa: 19040114 Page 47/52



Pirsa: 19040114

Non-Integrable Model

L
H=— Zz,-z, 1 —gX; — hZ,

Modify ansatz accordingly: «a,Hzz — a,Hzz + v, Hz

102
‘ @]
- 10737 ® o
= | ? _
wmj '..5.,. ad
10 Te
1070
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Sign Problem?
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Sign Problem?

Compressed imaginary time direction —> sampling with sign problem tractable?
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Accessing Quantum
Many-Body States

On Quantum Computers

Protocols for preparing
nontrivial quantum states

Exactly prepare TFIM quantum critical state
with L iterations

In progress: experiment (Monroe group)
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Accessing Quantum
Many-Body States

On Quantum Computers On Classical Computers
Protocols for preparing Highly efficient
nontrivial quantum states variational imaginary time ansatz (VITA)
Exactly prepare TFIM quantum critical state Requires ~log L parameters to represent
with L iterations TFIM critical state
In progress: experiment (Monroe group) In progress: application to harder models
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