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Abstract: A key subroutine in quantum computing, especially in quantum simulation, is to prepare thermal states or ground states of Hamiltonians.
Today, | will talk about a new family of quantum algorithms for this task. Physically, our agorithms distill the essence of system-bath interaction by
simulating an effective Lindbladian; computationally, our algorithms are quantum analogs of classical Markov chain Monte Carlo sampling. Given
the ubiquity of thermodynamics and the triumph of classical Monte Carlo methods, we anticipate that quantum thermal state preparation will
become indispensable in quantum computing.

Joint work with Michael J. Kastoryano, Fernando G.S.L. Brand&o, and Andras Gilyén. https://arxiv.org/abs/2303.18224

Zoom Link: https://pitp.zoom.us/j/91641127738?pwd=cExPM 3Bvd3BaY nJY SOUOUIBIVTJOQT09
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Quantum thermal state preparation (Gibbs sampling):

Given a quantum Hamiltonian and a quantum computer,
prepare the thermal state

o3 X € —BH _ Ze Hs

(1n the energy basis)

) (il
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Killer app: Quantum simulation

“What'’s the ground energy of CO2?”

state @ 1))
preparation

time .,{/ 4t
evolution Y

measurement &>
Amazon[20’ Chamberland,...,B},

irsa: 23050090 GOOg]E‘{ZI’ Lﬂﬂ], Page 4/37
Microcofti»1’ vaon Burol




Mysteries of low-energy states

Classically Quantumly

Thermodynamics? worst-case QMA-hard*
(average-case?)

Easy Hard

Which assumptions and algorithms?

*terrsoihetwork for gapped ground state (area law? {hastings ’o7]) Page 5137
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A new angle

“Monte-Carlo style” quantum algorithms

/ N

classical Monte-Carlo Open system
(Gibbs sampling) (Thermodynamics)
® physics simulation (Ising model) ® quantum chaos
¢ Optimization problems/CSPs & spin glass

o Machine learning, ... ® Thermodynamics
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A new angle

“Monte-Carlo style” quantum algorithms
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Background: classical Monte-Carlo sampling
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Markov Chain Monte Carlo (MCMOC)

Implement a Markov chain that converges to the Gibbs state.

Pr(E) x e P¥
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Detailed balance gives Gibbs state

Transition matrix

PI‘(Sl — 82)
. B,
ry * .
e X T_
o " o
0 = 3 2 *
“forward equals to backward” Symmetry

: -
¢ PE . p, =g BEH) 4 o=
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General recipe for detailed balance
o B

*
*
* X

' k% * GD/ — e P¥
11 . ® & * $ * :
X

“Rejection” sampling blindly imposes detailed balance
(without knowing the full matrix!)

Reject

g T
7~ A

4
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Metropolis-Hastings{’531

Hz) = Z Jijziz; where 2z; =41

{A%} ={z = -z}

Aacept — ... T

parameters: e.g., Ising model
Hamiltonian H
inv. temperature (3 =7
Jiaps el spin flips
Algorithm:
L1 N @
) Jump
L1
e~ B(E2—E)
T | E increase

initial state Reject

unjump -'_'i\

%
=T
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Quantizing Monte-Carlo

Classical

configuration % =",

Gibbs dist. Pr(z) ox e BE(2)

E Jijz—iz‘j

Hamiltonian H

<ij>
Jumps {A%} {z; = —2z}
Algorithm Metropolis-Hastings
Fixed point detailed balance
e 2 EeExing conditional

Quantum
[4)

op o< Y e PE ) (v

D T XY,
Lot R B
XiJYij Z’&
k

? (Today)
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Today: Designing Monte-Carlo style quantum algorithms




Metropolis on the energy basis?

Pr(z) « e PE() : apoc Y e PFijy) (yy
(!
bit strings zx> |1;) (s energy eigenstates
transition | B @ oy ) |2 transition
probability Pr(z; — z;) = [(¥i| A" [¢y) amplitudes
. E (i A* [4) E,
* S 3 * | ;
¥k * ‘.:r.L_
* T 't-,
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quantum challenges

* (Algorithm.) coherently reject a quantum jump
¢ without collapsing the state (Mariott-Watrous{’oskrewinding)

l

jump jump

N 7N
I |9h1) |1h2)

o o T

reject reject

® (Analysis.) Energy measurement is uncertain
* (fixed point?) detailed balance is broken
® (mixing?) nearby energies can stay entangled

PTG
/‘\
W — E ?i;' i E
E 1 E2 FE 1 E2
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Metropolis on the energy basis?

Pr(z) e PF) - ogoc Y e PE ) (v
bit strings z — ;) (1] energy eigenstates
transition ‘ | e ., .2  transition
probability Pr(z; = 2;) = [(¥:| A" [¢;) amplitudes

. E; (Yi| A% [¢;) E;

* *
X
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How was 1t done 1n Nature ?

system

Thermodynamics: coupling to a bath gives the Gibbs state




Continuous walk solves rejection [Davies 741

* instead of discrete rejection, lower the rate of unwanted transitions

(il A% [95) A%(w)  E;

V@AW

rate x transitionampl.

® ensures detailed balance (thus Gibbs fixed point)

tlj‘"’

Y(w)/1(~w) = & =
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Lindbladian formalism

Lol =) (KPKT - ;(KTKerpKTK))

Lindbladian £ :a continuous-time generator of “quantum” Markov chain

(aka Master equation, Liouvillians)
;
p(t) = e '[p

'
non-unitary: have fixed point(s) €~ ‘[p] = pyia

Kraus operators{ K }: infinitestimal “quantum” transitions

(aka jump operator, Lindbladian operators)
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Main Results: Monte-Carlo style Quantum Algorithms

We efhiciently implement a Lindbladian whose fixed point is
approximately Gibbs.

¢ (universal.) applies to any Hamiltonian (mixing time varies)

* (no fine-tuning.) user only chooses the jumps (e.g., local Pauli XYZ)
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Lindbladian Gibbs samplers*

For any n-qubit Hamiltonian H, 3, and jumps { A%}, we define a Lindbladian:
(Correctness.) It has approximate Gibbs fixed point

lpsic(LY) — oall1 < OCe).

o~

(Efficiency.) Convergence to the fixed point costs n + O(1) qubits and Hamil-
tonian simulation time

~ B
O (tmi:r: ) E tmz‘m) ’

where t,,;; 1s the mixing time in trace distance.

Byproducts:
® (Thermodynamics.) physically derived Lindbladians
¢ (Quantum walk speedup.) purified Gibbs state

"*A’¥écent related result [Rall, Wang, Wocjan ’22} handles finite energy resolution difféfently

. e




Picture: semi-classical Random Walk
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Energy uncertainty
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Picture: semi-classical Random Walk

-

Prob. t incoherent mixing

7\

(" "\ coherent mixing

2

E

Quantum detailed balance _
Energy uncertainty

Why is it powerful?
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vs. VQE

Suppose A |0) = L T/%—D , how does the energy gradient look like?

------------- ( H > = 1 Variation circuit: stuck

‘ —1 } Lindbladian: descent

» o«

quantum power: phase estimation, “rewinding”, “energy filtering”,...
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VS. imaginary time

H:ZI+Z2+

initial state

+) [+ )

Z = [1) (1] - |0} (0|
_ [0y + 1)

.o 4 Zn |+) 7

ground state

0)10) ---10)

Algorithm imaginary time

e PH |+...4) = ]0---0)

L3

Cost inverse overlap
] i _— 2?1/{2
[(+]0))
feature “static”
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Lindbladian

.
" [p1] = po

mixing time

tm'i:z o Vi

“dynamic”
(Preserves prob. )z




Technical ideas.

irsa: 23050090 Page 27/37




The secret sauce

“Fourier transform of operator evolution®
Al o Y A (B f(T)
= A

Naturally, Heisenberg evolution diagnoses energy differences

A(t) — ot go—1Ht _ Zei(Ei—Ej)tAij _ |w%> <¢3|
)

A “digital, weighted” version of Fourier integral

A(w) /DG et A(t)dt

— 00
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Boosted Fourier transform

Gaussian filter acts as a “boosted phase estimation” with tunable width

AL Y ADETD 1) x expl—)
F t

{'(M' A? |’l,bj) AL”'[LL-’J

LY

5 -{Etj

(exact energies) (uncertain energies)
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Simple circuit

“Quantum Fourier Transform for operators®

A— A; ®|w) where A2 x Z A1) f (1)
&

(Gaussian weights

£(2))

Discrete FT

@)

T”

T QFT —!

€

—iHt

A

iHt

(Feeds into Lindbladian simulation)
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Symmetry

(Discrete) Fourier transform satisfies certain “exact symmetry”*
L3

= (Aim)f
Key to quantum approximate detailed balance!

(Like in Metropolis sampling, we start from a
reversible/symmetric Markov chain)

Pirsa: 23050090 Page 31/37

o =g 4 90 g~q4 0000~ . . 4 4 4 e W  ow_ &



Quantum Approx. detailed balance

Ho_l/ciﬁ[a_—l/ri ' 0_—1/4]0_1/4 B 0—1/4£T[0,1/4 _ 0_1/4]0,—1/4H <§
2—-2

(super-operator norm)
® Analog of classical detailed balance

O'?;PEj — G'ij'

® § captures the size of “anti-Hermitian” parts; 6 = 0 recovers detailed balance

® approx. detailed balance gives approx. Gibbs fixed point
lpsic(L) = allt < tmis - 6
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Finale.
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Today: Monte-Carlo style Quantum Algorithms

Task: given a Hamiltonian, prepare the ground state or thermal state

We efficiently implement a Lindbladian whose fixed point is
approximately Gibbs.

* (universal.) applies to any Hamiltonian (mixing time varies)
* (no fine-tuning.) user only chooses the jumps

¢ (General theory.) extends to purified Gibbs state and other Natural
Lindbladians.
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Followup: exact detailed balance

® Claim {in progress}

For any H, (3, and a set of jumps { A®}, we define a Lindbladian such that
(Correctness.) The Lindbladian has exact Gibbs fixed point

priz(LT) = 0p

o

(Efficiency.) Convergence to the fixed point costs n + O(1) qubits and Hamil-
tonian simulation time

é(tmuc ; ;8)5

where %,,;, 1s the mixing time in trace distance.

® Energy-time uncertainty may not obstruct exact Gibbs sampling!

AE ~ 71

® Much cleaner theory!
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Followup: Conditions for mixing

Only known results for non-commuting Hamiltonians

® Quantum chaos (Eigenstate Thermalization Hypothesis) {CB 21, SM ‘21}

New front: Generalizations of classical results

® Non-commuting Hamiltonians on lattices with decay of Gibbs correlation?

® All-to-all interacting Hamiltonians (e.g., SYK, random Paulis)?

® quantum spin glass: Prove slow mixing?
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Future works

® Theory: new algorithms to play with!
® optimizing Hamiltonians via Gibbs samplers

® dynamic angle for area law and gapped ground state

® Numerics: new data to take
A

® mixing time in lattice models

® new quantum-inspired classical algorithms?

® Experiment: long way to implementation

® Analog-friendly adaptations? (Fewer ancillas, hardware restrictions...)

Pirsa: 23050090 Page 37/37




