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Quantum Computing with Qubits

Fermionic Quantum Computing & Quantum Simulation
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Strongly-Correlated Synthetic Quantum Matter with Bosons
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Strongly-Correlated Synthetic Quantum Matter

Bose-Hubbard Models in Optical Lattices
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Greiner - Bloch - Esslinger
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Quantum phase transition from a
superfiuid to a Mott insulator in
a gas of ultracold atoms
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Strongly-Correlated Synthetic Quantum Matter with Fermions
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Programmable Quantum Devices with Atoms

Quantum Computing [Digital] Quantum Simulation [Analog]
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Fermionic Quantum Computing with Neutral Atom Arrays [Digital]

Fermionic quantum computation

Bravyi & Kitaev, Annals of Physics 298, 210-226 (2002)

Digital quantum simulation
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Quantum Computing with
Rydberg Atoms [Digital]

Bluvstein et al., Nature 604
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Fermionic quantum processing with programmable neutral
atom arrays
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Fermionic Gates

-

Spar et al, Phys. Rev. Lett.
129, 123201 (2022)
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Pavel Dolgirev  Christian Kokalil

Lukin-group @ Harvard

Quantum Simulation — /nverse Quantum Simulation

Active Design of Many-Body Hamiltonians

LRGN - ih des
(™) goal: design quantum many-body systems with desired
\9:.%?:‘% properties; synthetic quantum matter — real(?) materials

quantum materials

Utility

Machine Learning Q ‘Quantum Advantage’

C Kokail, PE Dolgirev, R van Bijnen, D Gonzalez-Cuadra, MD Lukin, PZ, arXiv:2601.12239
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Forward Quantum Simulation

Hamiltonian Quantum Simulator
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Forward Quantum Simulation

Hamiltonian
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Forward Quantum Simulation

C. Kokail et al. Nature 2019
M. Joshi et al., Nature 202!
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Forward Quantum Simulation: Fermi-Hubbard & d-wave

Hamiltonian Quantum Simulator d-wave high-Tc SC

Superconducting
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Forward Quantum Simulation: Fermi-Hubbard & d-wave

Hamiltonian Quantum Simulator d-wave high-Tc SC
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Inverse Quantum Simulation “inverse” < “inference/learning/design” in ML

Hamiltonian Programmable Quantum Simulator  d-wave high-Tc SC

Superconducting
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Inverse Quantum Simulation

Hamiltonian State preparation Specify cost
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Hamiltonian Learning

Learning Hamiltonian from single eigenstate

Algorithms for Inverse Quantum Simulation

Variational 1QS
Measurement-based 1QS
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Hamiltonian Learning from Steady States

E A
Many-body k
Hamiltonian ' - Counterexample 1
H H=-) & Yay=1111...1)
Select a random ;
eigenstate Usually eigenstates are correlated!
—> |¥))

- Counterexample 2
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Interesting Hamiltonians are
s it possible to infer “local” (sparse)

the Hamiltonian H
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from a single See also: Netanel Lindner
: @ Bar-llan (Youtube)
eigenstate”?



Hamiltonian Learning from Steady States

Despite specific counterexamples: Almost
all local Hamiltonians can be uniquely
recovered from their steady states!

antum
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(1) write down an ansatz for the Hamiltonian

H(c) = Z Cjilj

J

(2) minimize the variance of the ansatz in the
given state
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Variational Inverse Quantum Simulation [Motivation]

Fixed resource quantum simulator

A quantum simulator physically realizes a fixed many-
body Hamiltonian Hy and prepares its ground state | yy),
which is classically nontrivial.

Key question:

Can fixed quantum device be used to explore Hamiltonians
H(4) = Z A:h; parametrized by {/.}
i

in the neighborhood of H,,, without ever implementing H(A)
physically?

And identify the Hamiltonian maximizing cost function
€ = (C) of interest.
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Variational Inverse Quantum Simulation [Motivation]

Fixed resource quantum simulator

A quantum simulator physically realizes a fixed many-
body Hamiltonian Hy and prepares its ground state | yy),
which is classically nontrivial.

Key question:

Can fixed quantum device be used to explore Hamiltonians
H(4) = Z A:h; parametrized by {/.}

l
in the neighborhood of H,,, without ever implementing H(A)
physically?
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Variational Inverse Quantum Simulation [Key Idea]

Variational quantum states

Starting from | 1//0), generate variational states

OW(M» = U(p) | l//())] expressivity of circuit

Central Map: Dictionary

For each u, infer the Hamiltonian in a chosen model class for
which |y (u)) is an exact or approx. eigen-/groundstate.

[ 1o (), H) <= |y() = U( ”)l%D Hamiltonian

learning
4 )
Hamiltonians near H), quantum states near |yy)
Dictionary \N\
G quantum
resource

e |yp)

[l!’repar

iteration

J
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Variational Inverse Quantum Simulation [Key Idea]

Variational quantum states = ]:l%—
i g | ==
Starting from |y, ), generate variational states 11 U: <
: 21O UTys

OW(M» = U(u)| l//g)] expressivity of circuit o | : i

Central Map: Dictionary

For each u, infer the Hamiltonian in a chosen model class for
which |y (u)) is an exact or approx. eigen-/groundstate.

o o
[ pe A,  HQA) <= |y(w) = U(M)|l//o>] ;—elzzvvlliz;c;n/an ———

Protocol: Hamiltonian Learning
Infer H(A) = 2 A;h;, by variance minimization:
i
A«(u) = arg mﬂin Var,  [H(A)] with  Var, [H)] = (HA)*), - (H(A)),  Poly# in system size
= X (i, = ()
-
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Variational Inverse Quantum Simulation [Key Idea]

Variational quantum states = ]:l%—
o S | | ==
Starting from | ), generate variational states 1F 1 U: <
: 21O UTys

OW(M» = U(u)| l//g)] expressivity of circuit o | : i

Central Map: Dictionary

For each u, infer the Hamiltonian in a chosen model class for
which |y (u)) is an exact or approx. eigen-/groundstate.

' ' iterati ‘
[u — A, HQ) = |w(p) = U(u)lw@] ZZ';';’,.’;‘;”H” —

Observables for nearby Hamiltonians

Then the fixed simulator provides:

[Hu*w)) ~ (0), = (W) | Olw(p) ]

hybrid quantum-classical protocol
and find Hamiltonian which maximizes the cost C. o



Inverse Quantum Simulation - Example: 2D fermionic Hubbard model

Hamiltonian: FIO - — Z ¢ (@Lajg + h.c. ) 4+ UZ Ay,
]

\

()

oo CO e doped To illustrate IQS we study

VVVVVVV

— - m “‘e.
T qupercon® Tt nterPlY Hubbard ladders

1. Fermionic sign problem, exp. growth of bond dimension

2. Many competing phases (superconductivity, charge density waves,
complex magnetism)
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Enhancing d-wave correlations Results

Learned Hamiltonian

2 X 2¢ ladder

v T L) v
y .
3 ’l" A P
- . oot )
Yy
('.: .
[ 5 -
a L ¢ i - s
o SIrar e el
- ) .
3 £ PN b
( 3 ‘a .
NI A " ; :_ = =)
o .y
RN e - ‘ D)
§ & N N . ’ .
o y L i, 4 . y N\ .
- swpeenzadiense ok
e -5 \ £ =
) | & " 14 oy A i 4 | - y b ._: A
- ) ' 02 03 ) -
R X v
-
5 / '.:-:.)-
: N 4 LY,
& - _—— " 'c-:-," -
) NN .
/ g

1 08 06 04 02
1’: 27




Enhancing d-wave correlations

-

Objective: max d-wave

_ AT A :
HUEED) (A4, >0 = min
LJ
Al A
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I long range order

) lzl il lzT
singlet on rungs

Results

Learned Hamiltonian
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Enhancing d-wave correlations Results

Learned Hamiltonian

|IQS to enhance d-wave like

Hamiltonian Learning 2 x 2 ladder

I d=0 (Gs)I:I 0.5
| 0.4
'E 0.3
:dﬁ
EJ 0.2
< 0.1

. 0l 08 06 04 02
n
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1. cost function €[0; 1] = <FIO> - /IZ <AIAI+F>
0

2. variational wave fct
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3. We search for optimal Hamiltonians in family
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Summary:

~ A
Forward Quantum Simulation
Hypothesis testing (understanding materials) Exploration, Discovery
Study quantum many-body phenomena exploring Hamiltonians
In and out-of-equilibrium
- V),
4 R
Inverse Quantum Simulation \/
Utility
. . \ Active Design
Machine Learning Quantum Advantage’
designing Hamiltonians
learning Hamiltonian quantum device

g _J

shifting the quantum simulation paradigm



Hamiltonian Learning
as toolbox in guantum simulation exp

Tristan Kraft Manoj Joshi

theory + trapped ion exp
N=10 and 51 ions

Hamiltonian (and Lindbladian) Learning |
Theory & Experiment

Quantum Simulation with a Certified Error

T Kraft, MK Joshi, W Lam, T Olsacher, F Kranzl, J Franke, LKh Joshi, R Blatt, A Smerzi, D Stilck-Franca, B Vermersch,
B Kraus, CF Roos, and PZ, arXiv:2511.23392

collaboration Innsbruck, TUM, Copenhagen, Grenoble



Hamiltonian Learning
as toolbox in guantum simulation exp

Hamiltonian (and Lindbladian) Learning

Quantum Simulation with a Certified Error

Can we trust quantum simulators?

... as devices solving the many-body problem

... making predictions, with certified accuracy

... in regime of quantum advantage?

Tristan Kraft Manoj Joshi

theory + trapped ion exp
N=10 and 51 ions

Theory & Experiment



Bounded-Error Quantum Simulation

fAnang QSimulator (NISQ)

Po e_th — D- data

... in ‘regime of quantum advantage’

.

J

Programmable Trapped-lon Quantum Simulators [1D,2D]

... and single site
control & readout

» -» -» L4 » - - - -

- - - - - - " & " " s " » p . - - - - .

. - - . » »

focused

laser
Innsbruck, Duke, Rice ... Innsbruck [Roos] ~200 ions, Tsinghua, ~1000 ions




Bounded-Error Quantum Simulation

~
Analog QSimulator (NISQ)

Po

-

—iHt

~

._
._
._
._
._
._
._

data

.. as a Computational Device with controlled error

Hamiltonian observable

H —— (0,) =Tr|Op,| = Tr [Oe ™ pye'™|

Do we know H ? SPAM?

.. in ‘regime of quantum advantage’

J

what the quantum machine does



Bounded-Error Quantum Simulation

_iHt o
e e
— D
L D_
m

4 - )
W Step 1: Hamiltonian Learning Step 2: Q-Simulation
o)

H’(g) 1
M
— D~ data —» I_Ilearned .H_ezogi / <g@ft chaétlgr; Gaussian
error propgagation

OUW gua’gg HHFHH%HPEIW" statistical "5

sta |c al uletiatiedassical simulation [g-c]
ea%aﬁ g c%’é%'z‘r}g%oly # size ¥ from exp data alone [g-Q]

J

We know what the machine does/computes, and the precision! (~ Quantum Metrology)



Step 1: Hamiltonian & Lindbladian Learning <

[ Learning Window J

observables

N

10

0.002

0.004 0.006
Time t[s]

0.008

0.010

N=10 to 51 ions

Step 1: Hamiltonian & Lindbladian
Learning from experimental data
including uncertainties

M
[{Iearned + 2 gV

i=1

A

H'(g)

— G g; stochastic, Gaussian

> g
statistical
uncertainties

“our knowledge of Hamiltonian'

and Lindbladian ...



N=10 to 51 ions
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Step 2: Bounded-Error Quantum Simulation 7

( Learning Window }{ Model Predictions J

Step 2: Error propagation

i N=10
05 . : |—(X4X7) M /\
/X | [(ZaZ) ! | LS "l Hiarned + Z gV <Ot>+ error
f & T i o R e S i=1
0.0 +, ’ "‘- F <7 ] e 0. ,
L(Y5X]_0) (YSZIO) :

= —— . o e cop=c 2, =
0.5 - X L(Zs) S
— ’ ’ - 3 ~m_ -I”’Ir" . .
) i - 95% prediction

interval

0.004 0.006 0.008 0.010
Time t[s]

. 0.000  0.002

-~

Prediction of mean

Expected Error
Hamiltonian ...
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Fermions in Quantum Optics

quantum optics = world of two-level atoms interacting with photons

9)

open quantum
system

9)
photons = bosons A . Lrﬁw N

two=level atoms = spin-2 = qubits

39



Inhibition of Spontaneous Emission

EUROPHYSICS LETTERS 1 October 1998
Europhys. Lett., 44 (1), pp.1-6 (1998)

Inhibition of spontaneous emission in Fermi gases

TH. BuscH, J. R. ANGLIN, J. I. CIRAC and P. ZOLLER
Institut fiir Theoretische Physik, Universitit Innsbruck - A-6020 Innsbruck, Austria

| e)
r A

hk
|8)

photon

QUANTUM GASES . Science 374, 972-975 (2021)
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Fig. 3. Suppression of light scattering in a 8’Sr Fermi gas over a range of
temperatures and Fermi momentums. All measurements are performed with




Summary

Fermi Quantum Processors & Simulators enhance d-wave
analog and digital, hardware fermions

error correction, fermionic quantum advantage
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