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(Classical) Mpemba effect

DO YOU KNOW?

OSHUT{HY,

Hot water can freeze faster than cold
water. This phenomenon is called
Mpemba effect. Evaporation rate is
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(Classical) Mpemba effect 1

begin by putting it in the sun”

Do YOU KNOW‘) Aristotle wrote “to cool hot water quickly,

S itapy  Rediscovered (thanks to the ice-cream)
by Mpemba (and Osborne) in the sixties

20T A graph of the freezing rates for the two water samples
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Hot water can freeze faster than cold
water. This phenomenon is called
Mpemba effect. Evaporation rate is Source: picotech.com
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The ice cream that changed physics

Sixty years ago a teenager’s homemade ice cream raised a surprisingly complicated question: Can hot liquids freeze faster than

cold ones? Controversy Continues Over Whether
Hot Water Freezes Faster Than Cold

I I I i Sl( :S I ODA‘ ¥ Decades after a Tanzanian teenager initiated study of the “Mpemba

effect,” the effort to confirm or refute it is leading physicists toward new

theories about how substances relax to equilibrium.
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The Mpemba Effect: Does Hot Water
Really Freeze Faster Than Cold Water?

Mpemba effect runs in reverse oy: Dylan Ris | Jan 19, 2023

— Podcast  Shop "Pog'r Regala
e |

SCIENZA

[’acqua calda congela prima di quella fredda?

E un fenomeno osservato da tempo e un rompicapo per i fisici, nacque tutto da un gelato in Tanzania




(Classical) Mpemba effect )

It is noways clear that it is not related to freezing:
the general statement is “hot systems cool faster”,
as shown in many different experiments and
theoretical calculations
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It is noways clear that it is not related to freezing: Hot
the general statement is “hot systems cool faster”

as shown in many different experiments and 1
theoretical calculations

Colloidal systems provide a controlled setting in
which the Mpemba effect can be quantitatively

described with the help of an experimentally 0.01 0.1 1 10 100
measurable “distance” from the equilibrium state
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A. Kumar, J. Bechhoefer, Nature 584, 64 (2020)
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We have in mind an isolated quantum system at zero temperature prepared in
a non-equilibrium pure state (like in a quantum quench)

Such a system relaxes locally to a (generalized) Gibbs ensemble

in the sense that the reduced density matrix pa(t) tends to the
equilibrium one
| e~
thm A1) = py(o0) = TrB( ~ )

A “quantum Mpemba effect” should be defined at the
level of subsystems

-



We focus here on initial states that break a symmetry of the Hamiltonian which
is eventually restored by the time evolution (Mermin-VWagner type of argument)

We then want an (experimentally measurable) quantity that
tells as how much a symmetry is broken at the level of an
(arbitrary) subsystem

# Entanglement asymmetry




Basic setup )
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Let O be a local charge generating a U(l) symmetry O = 0, + Op = 5 2 o}

If the state is symmetric [p, Q] = 0 = [p,4, 041 =0 ]

symmetry resolved
entanglement

= PP (@pa(q)
@ A #







 Entanglement asymmetry: a probe of symmetry breaking |

F. Ares, S.Murciano P. Calabrese,, ArXiv:2207.14693

/OA,Q — — 2 quAHq
> 0;

J q
Entanglement asymmetry: AS4 = S(pag) — S(pa) {0 ::)
PA = PAQ

Recall: S(p) = — Tr(plog p)



Replica trick for asymmetry 1

F. Ares, S.Murciano P. Calabrese, ArXiv:2207.14693

- | raq=
n 1 " n
ASY = — - log Tr(py ) — log Tr(p'}),




We use py o = Z I psll and 11, = J

q

ASYY =

1

1—n

Replica trick for asymmetry (1)

log Tr(p ) — log Tr(p'3)]

do . d
___ Li(Q4—q) —
e = =

2T FaQ J_n



We use py o = Z I psll and 11, = J

q

1

1—n

ASYY =

Repllca trick for asymmetry (II)

log Tr(p'% o) — log Tr(p’})]

da T da . |
Z_nel(QA_qm = PaQ = J e~ Map !
—7T

2T

The moments Tr(p; 6]) can be accessed from the generalized charged moments

Z,(a) =

Sanity check: [p4, O4] =0 = Z (a)

TI‘(,DX’Q) — [

— T

p— TI‘ _pAei(al_QZ)QApAei(a2_a3)QA. ) .pAei(an_al)QA_
da,da,...da,
- Z,(a)
(2m)"

= Z7,(0) = Trp} = AS” =0




A case study

Ferromagnet

R N



A case study )

Tilted Ferromagnet

0) = N

ASy # 0
2
] , . _
(n) _ 1 2nt Q l 2np Q
AS) = 1_nlog COS (2)192_;)(]?) tan (2)
1 1 -1 sin2 @
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Asymmetry after a quench 1
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F. Ares, S.Murciano P. Calabrese, ArXiv:2207.14693

O 0= OO (g

(1)) = e HW(0)  H =572 |0fof +olol]




7N

N

%

>

A lot of algebra!

M Fapgy S=biagh
S, =x-x,
3’;.1"

[ X

& 47 y=lxRe=wR S,=h-h, =u,,t¢—ll—

ve=lxRe=wR S,=h- h—v,,t»—-ll—

£y B=P-F, F& (;T_‘ w_"?-?a Es E,,‘E‘(-mk, A=-F, S R=P-
A=FSu~ua
8 X.=

& A=mgh
LS nm, m)‘ V=V, =pVG— 4)
\/\A.mm

/ 1
fmil, s=&;"i P'_ \/\\,‘ AVAYAYA ,=2.%~ip R VAVAVAVAYAY

Vp ==— JLC
A
v
T
b

Q=cmt-¢)= U+A Q=om(t~¢t)= Uo,(

v,

LT Pa2-n
) .s,-—“&(xh:!t‘-u!’ll- Ve 42 '] 5..&(.'+;!u¢.!|‘l.-_f_
2 a - aQ o @

) A k-mar

%
5‘{:’y2—'—'-u!_L -
a a,

-pgy v-v. +3t

A3 kA= may
% r‘n!‘—'n—t-L
2 a, o) 2a, ¢=BSnu(Bn)
pgV V=D, gt
X=X+t - X=X 40t
=2
v=2xRe=wh S, =h-h =D, t+

ko EsE+E,=com
= R=P-F,
T Al % !‘i‘ A=-F,$ A._
V-V.=m.(v—'.) A

)
Dty O =—— T=2&fLC y,

pV=-vR/ %

UmD, + a2t

W) (¥

O

-4 ]=—0Q

:1: y
U] 7+1 T0 J+1

0,1

A(An (@)t By (ut/b)

VectorStock.com/23103339

_An

—Tr

87

dk

—min

fnla, k,0)

k.6

2t/€|vl€| fn

mn
Q. _a. 1
H GiA(k0) o [ D ; j+

-+ CoSs

£ 0

&

Qj+1

2



' Asymmetry after a quench 1

F. Ares, S.Murciano P. Calabrese, ArXiv:2207.14693
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Quantum Mpemba effect 1

F. Ares, S.Murciano P. Calabrese, ArXiv:2207.14693

R

O ASX‘)(I) tends to zero for large ¢
and the U(1) symmetry is restored

E—— —
e

—_— e

| ——

1

| - ‘ ] /
| 2 n\
L AsPm > (1essin) s | o=

|
“““ e — — = 0 L W= e e P

— 0=4/5 n=2 ¢ =100
— O=n/3n=2 ¢=100
— 0=3/2 n=3 ¢=100

0 =m/3 n=2 (=060




————— e -]

Quantum Mpemba effect 1

F. Ares, S.Murciano P. Calabrese, ArXiv:2207.14693
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O ASzfl”)(t) tends to zero for large ¢
and the U(1) symmetry is restored
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® Larger subsystems require more
time to recover the symmetry
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Quantum Mpemba effect \
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Quantum Mpemba effect in trapped ion experiment

F. Ares, P. Calabrese, J. Franke, F. Kranzi, J.Manoj, L. Manoj, S.Murciano, A. Rath, C. Roos, B. Vermesch, P. Zoller

Protocol:

0
|. Prepare a tilted ferromagnet |U) = \\\\\\\\\\

Randomized
Measurements

Quench with:  Hyy = & z]ij(afaj_ + 0707 + hBZ o
J

i< j

\
l
[
I
[

/

2. Perform randomised measurements

Taua

plafalelalale

3. Estimate entanglement asymmetry with classical shadows



F. Ares, P. Calabrese, J. Franke, F. Kranzi, J.Manoj, L. Manoj, S.Murciano, A. Rath, C. Roos, B. Vermesch, P. Zoller

Theta dependence in the initial state:
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Quantum Mpemba effect in trapped ion experiment: results|
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F. Ares, P. Calabrese, J. Franke, F. Kranzi, J.Manoj, L. Manoj, S.Murciano, A. Rath, C. Roos, B. Vermesch, P. Zoller

Entanglement asymmetry for |2 ions:

Solid = decohered
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Curiosity: effect of dephasing

E— — —— R — _ J

F. Ares, P. Calabrese, J. Franke, F. Kranzi, J.Manoj, L. Manoj, S.Murciano, A. Rath, C. Roos, B. Vermesch, P. Zoller
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Dephasing makes Mpemba stronger



' Non-symmetry restoration: the tilted Neel 1

F. Ares, S.Murciano, E. Vernier, P. Calabrese

Let us now consider as initial state a tilted Neel

0) = OO

| @) breaks the U(I) symmetry and very surprisingly it is not restored by time evolution

in the XX spin chain
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' Non-symmetry restoration: the tilted Neel 1

F. Ares, S.Murciano, E. Vernier, P. Calabrese

Let us now consider as initial state a tilted Neel

0) = OO

| @) breaks the U(I) symmetry and very surprisingly it is not restored by time evolution

in the XX spin chain

Because of the activation of the non-abelian charges Q"' = Z (— I)JC Cism

M. Fagotti. ‘14
J

This fact attracted no attention in the literature, but it is valid for all gapless XXZ

|

' The entanglement asymmetry is the ideal quantity Y |
to study the lack of symmetry restoration }}
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Non-symmetry resolution: the tilted Neel |l 1
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F. Ares, S.Murciano, E. Vernier, P. Calabrese
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To conclude:

-

We introduced a new experimentally accessible quantity, the entanglement asymmetry,
which measure the symmetry breaking and allowed us to discover a new unexpected
phenomenon, the quantum Mpemba effect

Some current research directions:

@® Entanglement asymmetry in ground states

@® Breaking of non-abelian symmetries

@® Random unitary circuits and integrable models
@® Disordered models and MBL




