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What are we going to show ?
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A gquantum system (cat) can cool faster when starting
from initially hotter rather than colder temperature.




How do we achieve such anomalous relaxation ?



Two regular persons start the race from same distance

NV
NV

finish
line

iy -

Who will reach the finishing line faster ? ——— ~ Hard to tell !




Two regular persons start the race from different distances

NV
NV

-

“

“d

Who will reach the finishing line faster ?

runner Il wins ———— normal expectation

finish
line

runner lwins = Mpemba effect (surprising, how ?)



Replace person | by Usain Bolt
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if U.B. wins = Mpemba effect

But now, Mpemba effect is not so surprising because
initial state of U.B. is specially prepared to win the race

finish
line



We try to find initial conditions
that lead us to Mpemba effect in quantum systems




How do we detect (quantum) Mpemba effect ‘9

“crossing of trajectories” indicates Mpemba effect

Observable: Y copy Il has — Y (t)
higher Y value !
Y (t=0) < Y (t=0) \ "
Y (ss) = Y,(ss) =
If, at intermediate time: I

Y(t) > Y (t) == Mpemba effect Pyl has

lower Y value



QUANTUM MPEMBA EFFECT (QMPE)

(background & motivations, results)
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Exploring Quantum Mpemba Effects
Observing the Quantum Mpemba Effect in

Ulrich Warring Quantum Simulations

Institute of Physics, University of Freiburg, Freiburg, Germany Lata Kh. Joshi, Johannes Franke, Aniket Rath,
July1,2024  Physics 17, 105 Filiberto Ares, Sara Murciano, Iflorlan Kranzl,
Rainer Blatt, Peter Zoller, Benoit Vermersch,

In the Mpemba effect, a warm liquid freezes faster than a cold one. Three studies investigate quantum versions of Pasquale Calabrese, Christian F. Roos, and Manoj
K. Joshi

Phys. Rev. Lett. 133, 010402 (2024)
Published July 1, 2024
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this effect, challenging our understanding of quantum thermodynamics.

Inverse Mpemba Effect Demonstrated on a
Single Trapped lon Qubit

Temperature

Shahaf Aharony Shapira, Yotam Shapira, Jovan
Markov, Gianluca Teza, Nitzan Akerman, Oren
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Figure 1: (Top left) Under specific conditions, hot water (red curve) can freeze faster than cold water
(blue curve) when interacting with an external environment. This classical phenomenon is known as
the Mpemba effect. (Right) Aharony Shapira and colleagues studied an inverse quantum Mpemba-like

effect in an open quantum system, consisting of a single cold trapped ion, interacting with a warm Microscopic Origin of the Quantum

external environment [3]. (Bottom) Joshi and colleagues studied a quantum Mpemba-like effect in Mpemha Effect in lnteﬁrahle SyStems

subsystems of a closed quantum system, consisting of 12 interacting trapped ions [4]. Lastly, Rylands Colin Rylands, Katja Klobas, Filiberto Ares,

and colleagues theoretically studied the microscopic mechanisms driving quantum Mpemba-like Pasquale Calabrese, Sara Murciano, and Bruno
effects in closed quantum systems [5]. A remaining question is how to establish a link between these Bertini

classical and quantum phenomena. Phys. Rev. Lett. 133, 010401 (2024)

Published July 1, 2024



Quantum Mpemba effect (QMPE) || 12

vastly unexplored field
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Distance from Entangle asymmetry in
equilibrium in dissipative XXZ spin chain
Dicke model
[Carollo, Lasanta and Lesanovsky, [Ares, Murciano and Calabrese,

PRL 127,060401 (2021)] Nature Communications 14, 2036 (2023)]



Our motivations |1_3

Analysis of temperature missing

!

/Question: What about “thermal” Quantum Mpemba effect}
(closer to original classical Mpemba effect)

Question: Relation between in “thermal”QMPE
and “distance” QMPE ?

&Answer: Part A [quantum dot connected to reservoirs]/

6uestion: Possibility of “multiple crossings” between A

trajectories, i.e. “multiple” QMPE ?

\Answer: Part B [two level driven dissipative system] )




Part A: quantum dot connected to reservoirs

[A. K. Chatterjee, S. Takada, and H. Hayakawa, PRL 131, 080402 (2023)]
[Editors’ Suggestion]



Quantum dot coupled to two reservoirs

L eft reservoir

Right reservoir

HL T A Qoo —> R T
| |
coupling Vp, coupling Vg
QD states: 1], T, |, vacant
Total Hamiltonian: [, , = _|_H 1+ Hi

]

System Reservoir System-reservoirs
Hamiltonian Hamiltonian interaction
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Anderson / H 2260@% + Unqyhy \

model: o
i _ /\1- s
HI' _ § : Eka'}',kgaa”}’akﬂ'
v,k,0

gint — Z Vr}rd\;';aafy?k!g -+ hi.¢.

s y

€p: energy of electron in quantum dot

€. energy of electron corresponding to wave number k in reservoirs
U: electron-electron interaction in quantum dot
VL, Vr: coupling strength between quantum dot and reservoirs

d', d: creation and annihilation operators in quantum dot

Fat Fa

a', a: creation and annihilation operators in reservoirs

-~

f: number operator (= did)

~: reservoir indices L, R o: up-spin (1) or down-spin (|)

16




Quantum Master equation: 17

iﬁ _ Kﬁ p : four possible states:  T], T, |, vacant
dr
/_2f(1 f(l) f(l) 0 \
N | ) f(ﬂ fo) (1) 6 f({])
Transition matrix: K = ) ) " Tﬂ)
f— 00 _f_ : f+ f+ .
(
\ 0 i FO o)

where 9 .= f9(u, U e0, T) + £ (ur, U0, T), j=0,1

F9 — g _ §)

1
9 (py, U, €0, T) = [T ctcoriu—y/r - Fermi-Dirac distribution

~v=L,R



initial condition: 1

Protocol

[non-equilibrium]

I
H1,

1;

initial condition: 11

18
[equilibrium]

I 11
R4 H

T; ptt T

instantaneous quench

7

T ,u T

both copies .
evolve with time

o

If they cross =) QMPE

If they don’t —) no QMPE
Cross

reach same steady state




Thermal Quantum Mpemba effect |L9

OFs( ) B ’T) OSyN(T A R
OSyN(T) oT Es(r) = Tr|p(T)Hs]

WN(T) = =20 Pal(T)In(pa(T))

Temperature: | 7i(7) :=

L qulantumldot: co.pyl : 8 = 1T

14_— — quantum dot: copy Il |

12 —— initially hotter copy
—_ |
=~
S— I
= 10f - nt
- crossing of temperatures in time
el : (quantum Mpemba effect)
st
6}
| hotter bec&mes colder
4

02 04 06 08 10 12 1.4
T
Beo = 2.0, 8U = 1.25, Bu;, = 4.5, fug = 1.0, fu't = 2.43, BT; = 1.15, Bu = 2.0.



ATy = T! — 111

1.2}
~~ 0.8}
0.4}

0.0}

Crossing time: indicator of OMPE @

crossing time: 7(T):

solution of ATs =0

0 < 7(15) < oo : thermal QMPE

7(Ty) — o

- nho QMPE

1.0}
= 0.6}

0.2}

N i QMPE

BEEE "

thermal QMPE
IS rather
generic than
occasional



QMPE in Kullback-Liebler divergence E

measures “Distance from steady state”

Dxi(7) = Tr[p(7) (Inp(7) — Inpgs) |

%
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Thermal OMPE vs Distance QMPE E
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Part B: two-level driven dissipative system
[exceptional points & oscillations]

[A. K. Chatterjee, S. Takada, and H. Hayakawa, arXiv:2311.01347
(to be published in Physical Review A)]




A driven dissipative two-level guantum system E

Ee—=
[
Egcos(wt) "\ N\ "> A — Environment
E,—

Eg4: ground state energy

E.: excited state energy

I': dissipative coupling with the environment
Ey: driving amplitude of the electric field

w: driving frequency of the electric field

D: electric dipole moment

A=E,—E,
[N. Hatano, Molecular Physics 117,2121 (2019)]



Density matrix, Lindbladian, time evolution

density matrix: recast in
column / Peg(t) \
X Pee Peg vector form ()
p(t) = | > o _ | Pee
p(t)) =
| Mo pec(t)
t
has non-zero off-diagonal elements \pgg( ) /
: . d =
Time evolution: ?,E|,o(t)> = K |p(t))
1 —4'/2 0 —d/2 d/2
. s 0 —1—4/2 d/2 —d/2
Lindbladian: K = _@2 0:’-22 _.{f 0
d/2 ~d/2 il 0

Two free parameters: d=4d/§ and T =T/é

where d=DFy and 6=A—-w =FE,— FE, —w



initial condition: [

Protocol

(dr, T'r)

instantaneous quench

(d, ")

l N
both copies >
evolve with time

L

initial condition: II

(&H ’ Iwjﬂ)

If they cross =) single
once QMPE

If they cross =) multiple
multiple times °~ QMPE

If they don’t —)no QMPE
Cross

reach same steady state




Eigenvalue distribution in the parameter space

Imz Im z Imz Im 2z Im z Imz
20 ~ R - -
i Rez & Re z Rez & Re z i Re z i Re z
21X x x X CX)
) 4 X Cx) <©
Z3 Z9 X X
(ay) (a2) (b) (c) (d) (e)
N J \ _/

'
complex eigenvalues

50 ¢
402—

30
Iy
20 f

10 F

exceptional points

consider parameter

| T—> values corresponding to

exceptional points and
complex eigenvalues

[

analyze QMPE

[N. Hatano, Molecular Physics 117,2121 (2019)]



Region (d): second order exceptional points @

ond grder EP:  Two eigenvalues of K become equal
and their eigenvectors coalesce

consequence: complete diagonalization of K not possible

0 0 0 0
= 0 —idg 0 0 .
Jordarlnc_)rmal form: A = 0 B 2 i 1 off-diagonal
(A=S7'KS) 0 0 0 —i\ “defect”

Effect on density matrix time evolution:

4 4 A
pJ(t) — Z Z e Aktsjksﬁ;}:,pﬁl(o)_ite_ Agtsj:‘i Z S;itprn(o)

k=1 m=1 m=1

v

Extra algebraic “t” dependence




(Double) QMPE in energy 129

E(t)= Tr[p(t)H]

d AE(t) = —e M [ye” M=) g
= 1= pa(t) + E[Pl(f)‘f‘}?z(f)] (#) 71 t 172+ vl
0.0025 . . _
L\ i i double |
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t
di = 11.0,dyp = 8.5, d=4.0,T = \/(568 +64v/2)/2,T1 = Ty = 25.0




(Single) OQMPE in KL divergence

Dky.(t) := Tr[p(t){In[p(t)] — In(pss)}]

0.006F \ — initial condition I
L \ J
0_0055 “‘ - initial condition I :
\
5 0.004}
v 5
< 0.003¢ intersection
S : «—(single QMPE)
0.002}
0.001}
0.000|

0.15 0.20 0.25 0.30 0.35 0.40 045
t




(Single) QMPE in relaxation speed

0.04/

’UKL(t)

0.00}

0Dk (1)
at

0.03}
0.02}

0.01}

— initial condition 1

i - higher
|\ speed

-- initial condition I




Region (a,): oscillations in QMPE: energy ‘2

(effect of complex eigenvalues)

AE,(t) = EL(t) — EX(t) = e 2 [yg + e~ (A=A cog (NIt 4 c;b)]

dI—QldIIZUJd—25FI PII_ 205
Ay = 0.28, )\q—036+2691 A3 = 0.36 — 2.691

Multiple QMPE

-0.38}
-0.40}

= -0.42}

-0.44}

: — initial condition |
-0.46¢}

[ — initial condition Il

0 2 4 6 8 10

t t

multiple crossing of two copies T—— > multiple QMPE



(Single) QMPE in KL divergence

Dx1.(1) := Tr[p(z){In[p(#)] — In(ps)}]

1x104 N — initial condition I ]
! Z --- initial condition II |
8x107 ]
= 1
~— 5[ - single
§ 6x107 | N\ intersegction
~ 4x107
2x107
O
11 12 13 14 15




(Multiple) OMPE in relaxation speed

vkL(f) =

0Dk (1)
ot

— initial condition I

- - initial condition I

multiple

/ intersection
Tl

—

12

13 14 15

34




Summary @

® A quantum system can cool faster when it starts from hotter
initial temperature rather than colder initial temperature.
This is the thermal quantum Mpemba effect.

(demonstrated in a single level guantum dot with reservoirs)

® \We achieve QMPE by controlling initial conditions before quench.

® Thermal QMPE does not necessarily imply distance QMPE
and vice versa.

® We observe multiple QMPE in energy, relaxation speed at
exceptional points and complex eigenvalues. But, single QMPE in
distance.

[Ref: Amit Kumar Chatterjee, Satoshi Takada, and Hisao Hayakawa, PRL 131, 080402 (2023)
Amit Kumar Chatterjee, Satoshi Takada, and Hisao Hayakawa, arXiv:2311. 01347
(to be published in PRA)]



Future directions ‘ﬁ

® Quantum Mpemba effect bears the imprint of initial conditions.
This is a kind of quantum memory effect.
Further studies of its connection to other memory effects.

® Quantum Mpemba effect route to “faster relaxation” in
quantum systems. Systematic control of QMPE can initiate
speed up for computation and other processes of interest.

® Establishing thermal QMPE as a generic phenomenon in
quantum system and finding its general mechanism. Relation
to thermalization in integrable and non-integrable systems.

® QMPE in many body systems, corresponding mechanisms.

® Physical understanding (i.e. reasons) behind QMPE.
(initial conditions ? quantum fluctuations ? Entanglement ?....)



THANK YOU
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