LA-UR-23-23739

Approved for public release; distribution is unlimited.

Title: Speed Limits: From Thermodynamics to Annealing
Author(s): Garcia Pintos Barcia, Luis Pedro

Intended for: Seminar at UNM

Issued: 2023-04-11

NATIONAL LABORATORY

% Los Alamos



1% Los Alamos NYSE

NATIONAL LABORATORY National Nuclear Security Administration

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government
purposes. Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of
Energy. Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does
not endorse the viewpoint of a publication or guarantee its technical correctness.



Speed Limits: From Thermodynamics to Annealing
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Dynamics of a complex quantum system: How do we usually solve it?
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Today — alternative first-principles analysis:
general traits of dynamics from minimal assumptions
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. . J. Phys. USSR 9, 249-254 (1945)
Quantum Speed Limits ,,

The Uncertainty Relation Between Energy

Bounds to the speed of and Time in Non-relativistic Quantum Mechanics

evolution of a quantum system

By L. Mandelstam' and Ig. Tamm

-
For isolated systems: M| <IOANAANH P(a,\ <A>
dt | — N
\_ J
expectationvalue == (A) = Tr[Ap]
t < 4A
standard deviations .:>{ AA = /{42) — (4)2 5
AH = /(H?) — (H) o

Mandelstam-Tamm’s Uncertainty Relation:
limits to the speed of any physical process on isolated quantum systems




Quantum Speed Limits

J. Phys. USSR 9, 249-254 (1945)

-
For isolated systems: d(4)

dt

\_

The Uncertainty Relation Between Energy

— 7 | < 2AAAH and Time in Non-relativistic Quantum Mechanics

J By L. Mandelstam' and Ig. Tamm

Lots of posterior work: .
speed limits on the state Oy
of an open quantum system

Shortcoming: speed of observables
can be very different!

TOPICAL REVIEW

Quantum speed limits: from Heisenberg's uncertainty
principle to optimal quantum control

Sebastian Deffner! (12} and Steve Campbell?
Published 10 October 2017 « © 2017 IOP Publishing Ltd
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First aim: speed limits on observables for open quantum systems




. Introduction: Quantum Speed Limits
. Speed Limits on Observables Q'ft&$ ?

. An application : Quantum Annealing



Article ’ Published: 21 September 2020

C|3.SSIC3.| StOCh astic SYSte mSs Time-information uncertainty relations in
thermodynamics
ClaSSICal System W|th \StateSI] that Schuyler B. Nicholson, Luis Pedro Garcia-Pintos, Adolfo del Campo & Jason R. Green
occur with probabilities p] Nature Physics 16, 1211-1215(2020) | Cite this article
eq, N [’ar‘c'wies ™ mfi”{& ) miccostale ) itk peb 2

of a g2

(
)

(e.g., J denotes a point in phase space)

7
The distribution P = {Pz,, Pas, .- - } represents Pasﬂ‘hous (N)
the state of the system

Classical observable A

[Dynamics; (1) = {p1(1), pa(t), ...} } takes values a; forstatej  (A) = Y p;(t)a;
(e.g., particle density, energy) j




Article ‘ Published: 21 September 2020

Classical SpGEd Limits Time-information uncertainty relations in

thermodynamics

Schuyler B. Nicholson, Luis Pedro Garcia-Pintos, Adolfo del Campo & Jason R. Green

Classical speed limit on observables

Nature Physics 16, 1211-1215(2020) ‘ Cite this article

1
surprisal <— Ij = ln — cov(A, B) = (AB) — (A)(B) assumptions: p; #0 & 3 p;

Pj

| —— | = |COV A I)‘ < AA AI (Classical) Fisher Information (~ measure of speed of p;)

- 2
(// J \,) | \,/’ Ip = AI ij( lnpj)
5 Pp,&o[ c‘assical (17/‘/‘0‘"'\'65
uwcerfa’m+7

Uncertainty relation bounds the speed

; . Compare: quantum bound i) <2AAAH
of classical stochastic processes dt

Applications to stochastic heat flow ‘Q‘

thermodynamics: entropy rates ‘S‘



Dynamics of Open Quantum Systems

Any open quantum system evolves following

d .
dtpt T 7’[H7 Pt] —l_D(pt)
/7 \
coherent incoherent
“quantum” “classical”

(changes in probabilities)

PHYSICAL REVIEW X 12, 011038 (2022)

Unifying Quantum and Classical Speed Limits on Observables

Luis Pedro Garcia-Pintos®,"” Schuyler B. Nicholson,” Jason R. Green®,”*”

Adolfo del Campo®,”’ and Alexey V. Gorshkov®'

Ut ij j’UtT, Ht E?,UtUtT

=Y pi()j),(j| === density matrix

—i|H, p] =—=  coherent evolution

D(p;) == incoherent evolution
(dephasing, errors, environment)

-
If

A4 A4

~
D(p:) = 0 = ‘ldeal’ isolated quantum dynamics

If H = 0 = Classical stochastic dynamics

,

~ bound similarly to ~ bound similarly to Nat Phys 2020
Mandelstam-Tamm 1945 (classical speed limits)
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. . PHYSICAL REVIEW X 12, 011038 (2022)
Speed LI m Its for O pen SYSte ms Unifying Quantum and Classical Speed Limits on Observables

Luis Pedro Garcia-Pintos®,"" Schuyler B. Nicholson,” Jason R. Green®,*”
Adolfo del Campo 57 and Alexey V. Gorshkov®'

d .
Pt = —Z__Ha pt] + D(_Pt)
coherent incoherent
“quantum” “Classical” Pt — ij(t) J)(J
4 )
dA)| _ A vL v Ar, L
ar | ‘COV( ¢, Lc) + cov (Ar, Ly) Ao =3 Ay )
J#k
. < AAcALc + AA;AL; ) A=Y A5
(J1 [Ht, pi] lk
Coherent Fisher Information Z§ = (ALO)2 22; (pj + pr) )k

Incoherent Fisher Information Zj. :
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Speed Limits for Open Systems

PHYSICAL REVIEW X 12, 011038 (2022)

Luis Pedro Garcia-Pintos ,l'* Schuyler B. Nicholson,2 Jason R. Green®,

Unifying Quantum and Classical Speed Limits on Observables

345

Adolfo del Campo %7 and Alexey V. Gorshkov ]

d N
TPt —Z__H: pt] + D(_Pt)
coherent incoherent
“quantum” “classical”
4 1]} R
d(A ~
|%| = ‘cov (Ac,L¢) 4+ cov (A, Ly)
< AAcALs + AA;AL;
g J

Incoherent Fisher Information II{ﬂ < 4(AHint)2

pr = ij(t) 1) (4]
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Speed Limits for Open Systems

PHYSICAL REVIEW X 12, 011038 (2022)

Unifying Quantum and Classical Speed Limits on Observables

d
dt

—py = —i[H, pi] + D(py)

coherent
“*quantum”

Luis Pedro Garcia-Pintos ,l'* Schuyler B. Nicholson,2 Jason R. Green ,3’4'5
Adolfo del Campo %7 and Alexey V. Gorshkov®'

incoherent o
“classical” Pt = ij(t) 17 {J|
J

arm

dt
<

.

/

A4
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J. Phys. USSR 9, 249-254 (1945)

The Uncertainty Relation Between Energy
and Time in Non-relativistic Quantum Mechanics

By L. Mandelstam' and Ig. Tamm
Lebedev Physical Institute, Academy of Sciences of the USSR

A4

—| = ‘COV(Ac,LC')-FCOV Ar, Ly)

\
Ac =) A li) (k]

J#k

Ap =) Ay 1))
J

=X

Article ‘ Published: 21 September 2020

Time-information uncertainty relationsin
thermodynamics

Schuyler B. Nicholson, Luis Pedro Garcia-Pintos, Adolfo del Campo & Jason R. Green

Nature Physics 16, 1211-1215(2020) | Cite this article
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So, how are these general bounds useful anyways?

d A%
It

Can they accurately reflect timescales of evolution?

Second aim: characterize regimes where speed limits are saturated

14



Classical and quantum thermodynamics Evolutionary biology*

Article | Published: 21 September 2020 Diversity and Fitness Uncertainty Allow for Faster Evolutionary Rates
Time-information uncertainty relationsin L e

- uis Pedro Garcia-Pintos
thermodynamics
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Quantum-to-classical transition [ Quantum annealing* ]
Bounding the Minimum Time of a Quantum Measurement Lower Bounds on Quantum Annealing Times
Nathan Shettell,! Federico Centrone,? and Luis Pedro Garcia-Pintos3 Luis Pedro Garcia-Pintos,'»2* Lucas T. Brady,”* Jacob Bringewatt,!? and Yi-Kai Liu!:®
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. Introduction: Quantum Speed Limits

II.  Speed Limits on Observables

ll. An application : Quantum Annealing



Quantum annealing b o b
Hy = (1—g:)Ho + geHn go=0;  go; =1 CTD& @@ Cép l\{/>eo.57
[4)(0) = | E;=) aim:  |v)(tr) = |Ey") (\
6 9 D

o @ @

H; = ZE§ |E7)(E] ) @ @ WZolutfan

E. — E _
m
= Er
0 &
Bo —@- ™ <H0>0 =0 EBe —@- N aim: <H1>tf =0
t:=0 $=t

(Hi)e = (Y| Hi |[¢) () 17



Quantum annealing

Hy=(1—g:)Ho + g+ Hy

[1)(0) = |E50) aim:  [)(ty) = |E,’)

Adiabatic theorem - sufficient condition:
system ends close to the target state if the
transition is slow enough

E.
E
Ex —
Ao Er
0
B —o— B —

$£:=0

Jansen, Ruskai, Seiler, J. Math. Phys. 2007

o o b
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Quantum annealing o O

O
Hy = (1—g¢)Ho + g:H1 (/I\D& ég) CDCD I\{/>€0’57’

0) = B0 aim: b)) = |EY) adiobabic
6 @ 0 evo lution
Adiabatic theorem - sufficient condition: @
system ends close to the target state if the @ @

transition is slow enough @ @ @ \W>So[utton

-
However, annealing need not be adiabatic!

How fast can it be?

19
Jansen, Ruskai, Seiler, J. Math. Phys. 2007



Quantum annealing o O

¢
Hi=((1—-—g9)Hy+ g:Hq &) @ @ I\{/>€as
t = ( t) t @ @ Cb 4
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0 —_ &
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Lower bounds on annealing times

How fast can annealing be?

k.
Ex
Eo o—
$=0
(Hp)og = 0

error term

(Hi)e, = (] Hu i) (ty)

T f 2 Tanneal

—

-

Lower Bounds on Quantum Annealing Times

Luis Pedro Garcia-Pintos, Lucas T. Brady, Jacob Bringewatt, and Yi-Kai Liu
Phys. Rev. Lett. 130, 140601 — Published 5 April 2023

||AH = max eigs(A)
&
Bo ~—@- -
t=t

(Hi)e = (Y| Hy [¥) (1)
aim: (Hy), = 0

\
Necessary condition for annealing: tf > Tanncal

_ _ (Ho)s, + (Ho)o — (H1)y,
anneal — H [Hl, HO] H

j 21



Lower bounds on annealing times

Lower Bounds on Quantum Annealing Times

Luis Pedro Garcia-Pintos, Lucas T. Brady, Jacob Bringewatt, and Yi-Kai Liu

How fast can annealing be?

Phys. Rev. Lett. 130, 140601 — Published 5 April 2023

Hamming Hamming _

Minimum spike/p-spin Unstructured search spike/unstructured ~ P-SPIn ~diabatic
relevant (p>3) (Roland and Cerf) search (naive) (p>3) . adiabatic
timescale * x v

best known
% ’ SChEdl]lE
~ | H|]! ~1 ~ exp(N/2) ~ exp(N) ~ exp(2N) | our bound

FIG. 1. Annealing timescales. An illustration of the range of possible timescales in annealing problems and how our bounds
and the adiabatic timescales fit in the picture.

-

Necessary condition for annealing: tf > Tanncal

(Ho)t; + (Ho)o — (H1)¢,
|[H1, Hol|

Tanneal =

~

22



Lower bounds on annealing times Jll, = [VAAT] 4] = maxeigs(4)

Lower Bounds on Quantum Annealing Times

Luis Pedro Garcia-Pintos, Lucas T. Brady, Jacob Bringewatt, and Yi-Kai Liu
Phys. Rev. Lett. 130, 140601 — Published 5 April 2023

How fast can annealing be?

Deﬁning <H1>0 — <T/)0| H,y |¢0> <H0>tf — <1/)tf| HO ’mt;r) <H1>tf — <qlbtf|H1 Ww)
o:loe, Hi]=0 in elgenba5|s of H,; T. Baumgratz, M. Cramer, and M. B. Plenio

Phys. Rev. Lett. 113, 140401 — Published 29 September 2014

" . )
Necessary conditions for annealing: t; > 7 > 7
o (Ho)e, + (HoJo — (H)e, _ (Ho)yy + (Hojo — (Hi)y,
1 = OES
|[Hx, Hol[| & o Cullwe))dt | [, Hol|

J 23




Summary

.  General framework to derive bounds on ow and characterize saturation

At
. Speed limits reflect actual dynamics in a range of problems

lll. Saturable lower bounds on annealing times

IV. Coherence in energy influences annealing times

Luis Pedro Garcia-Pintos

Thank you!

Los Alamos National Laboratory
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