Quantum Science Seminar, Oct 8, 2020

Programmable Quantum Simulators
with Atoms and lons

Peter Zoller
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The Credo of Quantum Simulation

Quantum Many-Body System

The system is in a superposition state Entanglement

of all possible configurations ...

| lIJ >= >+C2
AND

Exponentially large Hilbert space

Schrédinger

International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

Simulating Physics with Computers

Feynman

i Richard P. Feynman
a thing which is usually described by local differential equations. But the
physical world is quantum mechanical, and therefore the proper problem is
the simulation of quantum physics—which is what I really want to talk

about, but I'll come to that later. So what kind of simulation do I mean? =
g I uibk 2




Entanglement in Quantum Simulation

Quantum Many-Body System

The system is in a superposition state Entanglement

of all possible configurations ...
A A A A ’,“.'.:._,.
AND AND AND

Today we build quantum simulators ...

Schrédinger

Trapped ions Optical Lattices Rydberg Arrays Polar Molecules CQED & Photonic
Yol Yl Spf S,
- o g 4 0

How to measure / characterize / quantify entanglement in quantum simulation?
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Outline of this talk

A Elben B VermerschC Kokail R. van Bijnen M. Dalmonte
— Grenoble — [CTP

Programmable Quantum Simulators [Overview]

Overview: atomic platforms, and opportunities etc. see earlier talks: M. Lukin, ...

Randomized Measurement Toolbox A. Elben, B. Vermersch et al., 2018-...
Example 1: Measuring Renyi Entanglement Entropies Brydges et al., Science 2019
Example 2: Tomography of the Entanglement Hamiltonian arXiv:2009.09000

development of theoretical framework, and application to experiment




Programmable Analog Quantum Simulators

Rydberg Tweezer Arrays [1D,2D,3D] Trapped-lons [1D, 2D]

.. and single site

| " ;:ontrol & readout
11} L] ] r—

focused
laser
Harvard - MIT, Palaiseau, JILA, Caltech, Wisconsin, Sandia, ... Innsbruck, JQlI ...
Engineered Spin Models & Hamiltonians
A 1
_ A X Ax
_ZEQZO —ZAZTZZ+ZVZJTZZTZ] H|S|ng—Z]l]O'ZO'] Z
i i i<j \S\ i, ]/\/
_ 6 .. long range
”_CG/rl.j Jij ~ |z—]|a a=0...3 g rang

NISQ devicesten-iensoiailomss scaling to ~ femnduiadraed.tpnerseicorrection)
(@)
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Analog Quantum Simulators

Experiments done today ...

_ —iHt |
T Sy
quench L
dynamics L
T T time
initial product state highly entangled state

Learn the entanglement properties of quantum state | V)

Entanglement as a resource




Analog Quantum Simulators

Experiments done today ...

D Probability to see a
— P- specific configuration
Ut — e Hl L p Repeat
I .— .............. > qu (S)
quench | :
dynamics L quantum
D expectation value

projective measurements

T T time

initial product state highly entangled state

Learn the entanglement properties of quantum state | V)

Entanglement as a resource




Programming Quantum Simulators

Complex quantum circuits from available resources

from available quantum resources
parametrized by 6,,6,, ...

a|buejus
a|buejus

- we can build highly entangled quantum states

depth of circuit

time

Entanglement as a resource




Programming Quantum Simulators

Complex quantum circuits from available resources

measurements
) o /\ .
quantum 5 5 classical
> >
device S o ~_ computer
quantum feedback
>
time
Variational Classical-Quantum Algorithms
. . Farhi et al., arXiv:1411.4028
cost function: C@)=... —min
5 \S\ McClean et al. NJP (2016)
optimize on classical machine evaluate on quantum machine
# variational parameters efflc:lently

(@)
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Programming Quantum Simulators

Complex quantum circuits from available resources

measurements
® ® /\
quantum 5 5 classical
device Q o Y~ computer
quantum feedback
>
Variational Quantum Simulation time
target Hamiltonian (e.g. lattice model) Variational Quantum Eigensolver
I:IT:Zhgﬁz+ Z hg?6%6§+... C(O) = (1//(0)|[:[T|w(0)> — min lowest energy
na néaf 5 ~ ground state
cost function with é Hamiltonian never

variational parameters @

physically realized

on quantum computer / chemistry:
JR McClean et al, NJP 2016

(@)
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ARTICLE

16 MAY 2019 | VOL 569 | NATURE | 355

https://doi.org/10.1038/s41586-019-1177-4

C. Kokailb?3, C. Maier"?3, R. van Bijnen"?3, T. Brydges"?, M. K. Joshi!?, P. Jurcevic"?, C. A. Muschik"?, P. Silvi?, R. Blatt"?,

C. F. Roosh? & P. Zollerh-2#

Rick van Bijnen (th-postdoc), Christine Maier (exp-PhD), Christian Kokail (th-PhD)

Variational parameters, @

Classical - Quantum Feedback Loop

( Classical CPU )
(stochastic optimization) Central data

repository
Cost functions
r~ T TN s T \
i Energy V' I Variance |
PN | I A
<HT>9 ] \ <(E - HT)2>9 |
—_—— e — B /

LB

A S F .

-

Symmetry-protecting quantum circuit

—— o = =y,

|T>—ﬁ(—\ E1HD:
1 [ [O+OTED

l.“_\_Jn_/ R.ﬂ _D:

A

G

4 Programmable Quantum Simulator A

Projective measurement data

20 (now: 50) qubits, 1015 call of PQS, circuit depth 6



Optimization Trajectory for Schwinger Ground State

up to 20 ions, 15 parameters, circuit depth = 6, budget: 10° calls to quantum simulator

i IR IA0 m=0.1,w=g=1
0 -1 2 3 4

Particle Density
— 00000000

O Experiment
% X Theory

exact
ground state

® ecc0o00e
®oeee0e000 (038
@D eeccoccoo
| O X X ]
@ @oeee0seen [,

Dee °

0 100 200 300 400 500 0P ol
lteration number | se“'\,e“

 optimal energy

Eg’ = (¥g | Hr | o) — min

* measure the error bar as energy variance

2 ~ \2
(AEY) = o | (EY -~ Fir) 1 W) = 0

\ A
NA

=0 for eigenstate




A Elben B Vermersch C Kokail R. van Bijnen M. Dalmonte
— Grenoble — [CTP

New Many-Body Physics

e Measuring / quantifying entanglement

) wel 5 el ool i

AND AND AND

... enabled by programmable g-simulators & classical postprocessing

uibk 13
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Progammable Analog Quantum Simulator

Experiments done today ...

_ ,—iHt
U=ce

V)

quench
dynamics

time

Learn the entanglement properties of quantum state |V)?




Progammable Analog Quantum Simulator

Experiments done today ...

D Probability to see a
— P- specific configuration
Ut — e Hl L p Repeat
I .— .............. > qu (S)
quench | :
dynamics L quantum
D expectation value

projective measurements

time

Learn the entanglement properties of quantum state |V)?




Randomized Measurements

Measurement post-processing

,- - post-processing of |¥) --.

_E/ \_ D Probability to see a
quench dynamics — random unitary [ D-: specific configuration
1 - D—: Repeat P
— — — .—: .............. > ( )
e LHt - Utandom - .U S
H el s Tt i ._ is a random variable
"K globalvs. foca / ._'.' depending on U
time
(Cross-) Correlation of probabilities ‘Noise’ or ensemble average (e.g. CUE)

Py v (s1) Py v(s2)
experiment ‘day 1, lab 1’ 5 é experiment ‘day 2 lab 2’

... hybrid classical-quantum protocols

(@)
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Randomized Measurements

Measurement post-processing

4 )

,- - post-processing of |¥) --.

4 N

L 4

- D Probability to see a
quench dynamics |+ random unitary |- D specific configuration
- - P—: Repeat P
_ S - - D > ( )
e LHt - Utandom - v,U S
H Lat is a random variable
—- global vs. local D =

\_

depending on U

- /

------------------------

(Cross-) Correlation of probabilities

// Py 7 (s1) Py, (s2) \\

Renyi entropies and entanglement Cross-platform verification Scrambling (OTOCs) Renyi Negativities
A Elben et al. PRL, PRA 2018, PRA 2019 A Elben et al., PRL 2020 B Vermersch, etal. PRX 2019 /8 oo it e, o e e Ko,
Brydges et al., Science 2019 M. Joshi et al, PRL 2020 Preskill, PZ, B Vermersch, arXiv:2007.06305

(@)
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Entanglement Properties of Quantum State

Quantum system in a pure state

P) = ) €yl ) ® | 15)

Haskp bipartition A:B
- " ooootoo
Schmidt decomposition 2002099
& = ] product state 4 90000000
¥ =Y Jleh @0 2000000
o \I\ x4 > 1 entangled state QP99 9
Schmidt values Q9000 Q09
QPP990009
Reduced density matrix QP99 °|\If>
XA B
Pa = Trp l | LP><lP | ] — Z /13 | q’ﬁ)@’é | density matrix of rank y,
a=1

... what should we measure?

(@)
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Entanglement Properties of Quantum State

Quantum system in a pure state

P) = ) €yl ) ® | 15)

Haskp bipartition A:B
: - ooootoo
Schmidt decomposition 2002099
X A QP99
x4 = 1 product state
[P) = ) 2,1 D8 ® | ©F) : 2000000
o x4 > 1 entangled state QP99 9
\I\ QP99 09
QPP92999
Interpretation as a Thermal State QP99 °|\If>
B
] ){A ith the Entang| t
— ,—H, _ —¢ A A wi e Entanglemen
—=e A= Z e Sa| POY(D ~
P ! \I\l ! {Pal Hamiltonian H 4
a=
/12
a

... what should we measure?

(@)
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Entanglement Properties of Quantum State

Entanglement entropies

S[(‘”) = — : log Ter,OA1 Renyi  forn = 2: purit @
n—1 bipartition A:B
SYN=—Tr, (PA logpA> Von Neumann purity of p, QP99 t Q9
Q99999009
A Q9999909
S4 = 0 product vs. S, > 0 entangled state, or TrApj <1 Q009000
Q99990900
QP99 E Q9
Entanglement spectrum QP99
QP99
B ¥)

XA
Pa ‘3)(<I>§‘| Rem.: tomography ~ y,2M
Voo

tomography of EH entanglement spectrum

.. what & how measure?

... with what resources?

(@)
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Entanglement Properties of Quantum State

Entanglement entropies

1
s — _ log Tr,p” Renyi  forn = 2: purit
A B g ApA P

SXN = — TrA (pA logpA> VVon Neumann purity of Pa

S, = 0 product vs. S, > 0 entangled state, or Tr,p3 < 1

Entanglement spectrum and Hamiltonian

increasing complexity / information

o T

tomography of EH entanglement spectrum

r

Why measure entanglement spectrum?J

.

Entanglement measures

detection of topological phases
detection of quantum phase transitions
extremely hard to obtain numerically

é)(‘bﬂ Rem.: tomography ~ y,2"

N. Regnault, arXiv:1510.07670 (Les Houches Lectures)

... protocol to measure?
... with what resources?

(@)
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Randomized Measurements for second order Renyi entropy

Measurement post-processing

PU(SA) —
Tr {UA;OAUI; Sa) <SA@

quench dynamics

e—lHt

U = ®uz u; € CUE(d)

time
Random single spin rotations are sufficient Hamming distance
I
L _ !
purity  Trapd =Xy with Xy =2N4 Y (=2)7Plasalpy (s 0) Py (s)y)
T SA,SQl h v g

Cross correlation
between configurations

random variable

A. Elben et al. PRA (2019). T Brydges et al., Science (2019)

uibk 22
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Quench dynamics with long-range XY-Model

o6k

w

3

— e — e — e —
> — e — o — -

1=

i=10

10 - 20 ion quantum simulator:

H = Z <Jij0i+0j_ + h.C.)

i<j

+Bza§
I

Global quench with B > max{J;;}

[(t)) = e eho)  with [g) = |N>®%

1.0 4

|purity Tr,pj for A = [1,..., 1]

T Brydges, A Elben et al., Science 2019

(@)
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Randomized Measurements

Measurement post-processing

. Py(sa) =
quench dynamics
. Tr UA,OAUJX‘SA> (s4l
—1Ht
€
UA: ®Ml' l/lie CUE(d)
time

Randomized Tomography

A. Elben et al., PRA (2019) (see also Eisert et al.) Pkl = Z Z Py(s)(=2)Plsesy, | s ) (s | U
Predicting Many Properties of a Quantum Sasa Ua

System from Very Few Measurements o

HY Huang, R Kueng, J Preskill, Nat. Phys. (2020) How many random unitaries V;; and measurements N,,?
Tomography review: A Acharya et al., J Phys A (2019). Scaling with subsystem size |A |

uibk 24
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et

C Kokail R.van Bijnen A. Elben B. Vermersch

Entanglement Hamiltonian Tomography . Grenoble
i &4 Remarks:
el —c, A A ' iti :
Pa=¢€ 4= Z € . |(I)a><q)a | - tomography exponentially expensive with blpartltlon A:B
/‘l/ a=1 \f\ size of A, ~ y,2" QPP99099
- efficient if we know something about the QPO (& " )
entanglement entanglement quantum state (MPS, low rank, ...)
Hamiltonian spectrum A 990900000
Q9999009
Q9999009
- i Q9990009
hallenge: efficient tomography of H
Challenge: efficie omograpny Or1 11 4 i OOOOKOO
what is the operator structure of H,? ... in quantum simulation Q9990900 O|\IJ)
B

Basic idea: We make an ansatz for H 4 With quasi-local few-body terms,
which we fit to data, and verify with few measurements




On the quasi-local ansatz for the Entanglement Hamiltonian

Hamiltonians H of physical systems: as sum of quasi-local few-body terms bipartition A:B
QPP9929909
Example: 20000009
A QP90
_ J| QPP9299009
— + Z . . 0
H-Z(]ijdl-q]- + h.C.)+BZ(fi with Jl-j—ll_jl,7 forB>>|Jl.j| 20000009
'S : QPP99299009
few parameters QP29
_ _ ~ _ QP992999
Structure of Entanglement Hamiltonian H ,: quasi-local few-body terms? B |U)
(. )
example: thermal state from quench rBisognano—Wichmann theorem (QFQ r j
_ - for ground states heuristic approach:
Trg | W)W, | — py ~ e Pl :
e /1/ Conformal Field Theory test & verify
L system Hamiltonian on A ) L - in quench dynamics, ground statesJ L J
Suggests ansatz for H 4 as deformation of system Hamiltonian H, = H | 4 + corrections (new physics?)
@1 uibk 26




On the quasi-local ansatz for the Entanglement Hamiltonian

Hamiltonians H of physical systems: as sum of quasi-local few-body terms bipartition A:B
QP99999
Example: 20000090
A QP99
_ J; (* I I+ N+ N I+ N+ )
— + Z . . 0
H—Z(]ijdidj “F h.C.)+BZ(fi with Jij_ll—jl” for B> [J,] 20002000
< : QPP9929909
few parameters Q9992990
_ _ ~ _ QP99999
Structure of Entanglement Hamiltonian H ,: quasi-local few-body terms? B |U)
Ansatz:
F]A(j, B) = Z (jljal_‘l‘gj_ —+ hC) + Z Bial.z —+ z Bijal.zajz + Z (szko-i+0-]'_0-l§ + hC)
/1/ ij i ij ijk
few variational parameters deformed system Hamiltonian (base level) corrections (level 1)
Suggests I:IA as deformation of system Hamiltonian H, = H|A + corrections (new physics?)
@1 uibk 27




Entanglement Hamiltonian Tomography (EHT) -

Here: from randomized local unitaries

quench dynamics

time
Protocol:

. Ansatz for H 4(&), which is physically motivated
- Best fit to experimental observations: g

2
—H.(5
%2@) — Z [Tr (Uls)(s | U exXp ( A(g)) > _ PU(S)}

— Z(8)




Experiment: EH-Fit for a guench with 10 ions (sub-system 1:5)

XA
Seeing Schmidt decomposition live: |¥) = )’ ,|®%) ® | ®5)

1

a=1

T T T
1:5
Q0200029020000

Von Neumann S,

Ansatz for the reduced density matrix

with p decoherence parameter

€a

§a

C Kokail

T T T T T
6 |—¢ Th. Simulation _—¢— Th. Simulation i
—o— Experiment Experiment LA
4 o o /(——', < .
- - \//j‘ —
2 P
t =2ms ye—3¢ t = 3ms

| | |

0

6 > Th. Simulation
—o— Experiment

4

T

| —¢— Th. Simulation i
—o— Experiment

0 2 4 6 O 2 4 6
« (8
. n~1.2
—HA(@) 4 >
TIPS Ny =500 Ny =150

... and similar results for 20 ions and (sub-system 8:14)

(@)
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Testing the Ansatz via Fidelity Estimation

A.Elben et.al.
Phys. Rev. Lett. 124, 010504

Tr|p1p2]
max{Tr[p?], Tr[p3]}

Fmax(p1, p2) = see cross-platform verification of NISQ

—0— K4 =0

Given Data 1 ooeeessesee _______IL o000 TuEEID0000000
Set

0 1 2 3 4 5 012345678910

t [ms] t [ms]

I:IA = Z j’ij <O';|_Uj_ —I—HC) -+ ZBZO_;’Z

1,7 <1 7

C Kokail




Testing the Ansatz via Fidelity Estimation

Tr(p1p2] s A.Elben et.al.
Frax(p1, p2) = see cross-platform verification of NISQ
maX{Tr[p%], Tr[p%]} Phys. Rev. Lett. 124, 010504
—0—K4=0 KS),K@)
leen Data OIOOOIOOOOIOO I I OOOOOOOOOOOOOOOOOOOO

Set

3 4 5 012345678910

t [ms] t [ms]

(1) _ Y _x
Ka E I (i} — alot)
k<lcA

(2) Z Z XYZ 2 Y 2
kim Um T Okal am)

k<l m#£k,l

C Kokail




Testing the Ansatz via Fidelity Estimation

Tr(p1p2] e L A.Elben et.al. C Kokail
F = see cross-platform verification of NISQ
max (1, P2) maX{Tr[p%], Tr[p%]} P Phys. Rev. Lett. 124, 010504
_O_KA:O _O_KS)’KS) _O_KS),KEL?,/CEE),K%)
leen Data OIOCOIOOOOIOO I I I °I°$O$Oi.°lo°IOOIOOIOOIOOIOOI

Set

5 012345678910
t [ms] t [ms]

jzzz
E l ngl E Jiim UkUl

k<leA k<l<meA

(4) _ XXZ T _z vy Y =
Ky’ = E E Jiam “(opolon, +opo/o;,)
k<l m=£k,1




Q.: Why entanglement Hamiltonian
quasi-local and few-body?




Q.: Why entanglement Hamiltonian
quasi-local and few-body?

M. Dalmonte P. Calabrese
— ICTP SISSA

thanks for insights and discussions

Bisognano-Wichmann Theorem of QFT

Conformal Field Theory

predict quasi-local entanglement Hamiltonian

- for ground states (BW+CFT)
« quench dynamics 1+1D (CFT) to critical point

validity, assumptions: continuum — lattice, ... ?

M. Dalmonte et al., Nat. Phys. (2018); G. Giudici et al. PRB (2018). . . .
P. Calabrese & J. Cardy, J Phys A (2009) Quantum simulation as testbed for lattice-BW & CFT

X Wen, S Ryu & AW Ludwig, J Stat Mech (2018).

Potential to discover’ new physics

(@)

uibk 34




Bisognano-Wichmann Theorem [ground states]

physical system entanglement Hamiltonian

M. Dalmonte

— ICTP
» X
Hamiltonian density (here 1D) BW Entanglement Hamiltonian (here 1D)
H(x) py ~ e lood POH®)  Hy ~ [ dx |[x H(x)]
x>0 T
Lorentz invariance with ‘temperature’ ﬂ(_x) ~ X ﬁA(X)

EH as local, few-body Hamiltonian with spatially dependent couplings

M. Dalmonte et al., Nat. Phys. (2018).

- f? . . .
Lattice models? Numerical examples show that this works well in many cases &. Giudici ot &, PRB (2018).

Can our Entanglement Hamiltonian Tomography measure BW?

uibk
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EHT applied to ground states ...

System Hamiltonian

_le

I,j>1

; O'xO'x + B Z p
—J
n=25
Ansatz for the entanglement Hamiltonian:

A=Y

i jcA

X X D -2
JUU, o; + Z B;o;
i€A
where we choose a parabolic deformation

i Yo +91(1 + 7) + I2(i + j)*
v 2| — j|*

B; = B(Vg + V1 + 923%)

We simulate EHT measurement runs

in light of Bisognano-Wichmann on lattice

efficiency EHT vs tomography

seeing the BW linear ramp II b

)108

v 02RLS
_o-° EHT
-Oo -0

- e, O':O' O
S8 86 -%° QT veu.

2 4 6 8 10
N4

1.6 1.8 2
arXiv:2009.09000

1.4



Revealing new physics in quench dynamics

CFT predicts corrections to EH as "distortion of the
system Hamiltonian’. Can we detect them?

We simulate a global quench in the transverse field
Ising model (7 — ©0)

Ansatz for the entanglement Hamiltonian:

ﬁA — Z (ji7i+1afaf+1 + Bmf) + K4
1€A

with K4 motivated from the local lattice

moment
. 1XY =y
Ka= Z Jii410: 03
€A

We simulate EHT measurement runs

M) e 00

9 4 1 g 10 19 14
t[1/J] arXiv:2009.09000

r
o

J. Cardy and E. Tonni. J. Stat. Mech. 2016
X Wen, S Ryu & AW Ludwig, J Stat Mech (2018)
W. Zhu, Z. Huang, Y.-C. He, & X. Wen, PRL (2020)

(@)
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Concl US|OnS and OUthOk ?clhmidt spéctrum for quench: 20-ion quantum simulator

1 I T 1 T
314

B PPPPPPPPOPPIPIITIIIGORR
- Revealing and quantifying entanglement as i o[ Neumann ) =
a key challenge in quantum simulation el ,
o VHEE A B 3
Randomized measurement toolbox v Q) gy = Sl |
I 04t ' !
Protocols: from entanglement entropies & ' : A parr i
to entanglement Hamiltonian tomography 02k D o 15 |
Tailored to today’s quantum simulation platforms L e .
0 Bt= ) = 4,108 @ | F)
a=1
this talk:
/

measure / characterize / quantify entanglement in quantum simulation

Entanglement Hamiltonian Tomography

classical v heuristic
postprocessing v testbed for BW & CFT




ConCI US|OnS and Ou‘tlook ?clhmidt spgctrum for quench: 20-i?n quantum sim}ulator

| I 1
5141
) PPOPPPIPIPOPIOIISIIIGIOR

- Revealing and quantifying entanglement as 08| \ | Von Neumann §, |—
a key challenge in quantum simulation i \
S | X p B
Randomized measurement toolbox v \ iol;;l:;n. _
” (.4 r . l'. : -
Protocols: from entanglement entropies & \ &S Apae -

to entanglement Hamiltonian tomography

Tailored to today’s quantum simulation platforms

XA
()= 7,104 @ | ®E)

a=1

2

- Future - quantum protocols? T ]

quantum
p- computer

this talk: towards quantum algorithms I >

YPYPPYPY

e -+ o A N ~ . quantum
S € 19/ e tH1 | | simulator
classical B /l/l ~ | CZ[, B
postprocessing U

quantum circuits o
quantum circuits

more efficient? in quantum supremacy regime/large A?

auantum simulators in 50 ~ few hundred regime

] & @ m = o m % F % F % B Eaa@m@m@Eww @ #0086 ESEDEDa a0 e B E & B 85 8°@ ®

" . - T + L |
© Manoj Joshi, R. Blatt - C. Roos
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A Elben Vermersch C Kokail R. van Bijnen
— Grenoble

5“2" :
B Sundar D Vasilyev L Joshi Jinlong Yu M Baranov
(senior member)

KN

R Kaubriigger A Kruckenhauser T Olsacher T Zache W Hahn M Di Liberto

former group members involved in these / related projects

Special thanks to the ion trap group
of R. Blatt & C. Roos for
collaborations and sharing their

M. Dalmonte A Grankin L Sieberer P Hauke H Heyl i
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