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Friction-free quantum machines

Progress with cold atoms




Quantum Heat Engines: Towards Green Quantum Energy

Optimal energy consumption and conversion

Equivalence Quantum engines & Photocells
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Many-particle QHE: Otto cycle
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Performance of a QHE

Wﬁ« (W) = (Hy) — (H,)
= B

Efficiency: work done/heat absorbed Power: work done per cycle time
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Many-particle working medium

Interacting quantum fluids

Scaling-invariant dynamics when V(fyr) = fy_QV(I')
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Exact Finite-time thermodynamics

Mean energy in scale-invariant dynamics

N N

(H(D) = 5 (HO) + 3 o (0 pd 0) + 3 2 (057~ b5) (2(0)

Scaling factor obeys Ermakov equation

b+ w(t)?b = w /b3
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Exact Finite-time thermodynamics

Mean energy in scale-invariant dynamics

HOE SEOD | @03 D6 - b))
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Scaling factor obeys Ermakov equation

b+ w(t)%h = wi/b®

Nonadiabatic factor
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UMASS. Jaramillo et al NJP 18, 075019 (2016); Beau et al Entropy 18, 168 (2016)



Universal Bound to Quantum Efficiency

Meanwork [W [ ¥ [H,[+ [H;l
<f>

Quantum efficiency of many-particle QHE
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Upper bound to quantum efficiency via nonadiabatic compression factor
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Quantum Heat Engines (e.g. Otto Cycle)
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Alternative: Shortcuts to adiabaticity (STA)

Fast non-adiabatic process to prepare a state mimicking adiab. dynamics

Proposal: Phys. Rev. Lett. 104, 063002 (2010)
Review: Adv. At. Mol. Opt. Phys. 62, 117 (2013)

Processes: Expansion, transport, splitting, adiabatic passage, phase transitions, ...

Systems: ultracold atoms, ions chains, quantum dots, spin systems, NVC, ...

Experiments: Nice, NIST, Mainz, PTB, MPQ, Florence, Trento, Tsukuba, ...
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Some applications of STA

P,
Quantum thermodynamics lon transport Ground state loading
Chen et al, PRL 104, 063002 (2010) Deffner, Jarzynski, ADC PRX 4, 021013 (2014) In an optical lattice
AdC & Boshier, Sci. Rep. 2, 648 (2012) Masuda, Nakamura, AdC PRL 113, 063003 (2014)

AdC, Goold, Paternostro Sci. Rep. 4, 6208 (2014)
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Ultracold Atom microscopy Topological Defect suppression Quantum Phase Transitions
AQC. EPL 96, 60005 (2011) AdC et al. PRL105, 075701 (2010) & Quantum Annealing
AdC, PRA 84, 031606(R) (2011) AdC etal. NJP 13, 083022 (2011) AdC, Rams, Zurek PRL 109, 115703 (2012)
AdC, PRL 111, 100502 (2013) Pyka etal. Nat. Commun. 4, 2291 (2013) Saberi, Opatrny, Mglmer, AdC, PRA 90, 060301(R)
AdC, Kibble, Zurek, JPCM 25, 404210 (2013) AdC & Sengupta, EPJ ST 224, 188 (2015)

AdC & Zurek Int. J. Mod. Phys. A 29, 1430018 (2014) Rams, Mohseni, AdC, NJP 18, 123034 (2016)

? Gomez-Ruiz, AdC arXiv:1805.00525
-]

And many other applications
UMASS (chemical rate processes, quantum logic gates, soliton dynamics, atom interferometry, ...)




oprscience Jounais* Books Login< Search all I0Psckence content Search Articie lookup =

T8a open accans journal & the Iotetront of pAysics
. . s JOURNAL LINKS
Focus on Shortcuts to Adiabaticity oy
Scope
Prof. Adolfo del Campo, Department of Physics, University of Massachusetts ' Ednoriel bosrd
Boston, USA
Abstrocied in

Prol. Kihwan Kim [nstitute for Interdisciplinary Information Sclences, Tsinghua

University, China Author benafits

Article charge
Scope

Tadloring the far from equilibrium dynamics of quantum matter is an open
problem ot the frontiers of physics. Yet, It is also a necessity for the
davelopment of quantum sclence and technology.

Highlights of 2018
10P reviownr awards 2016
Loty Carenr Awarg

Fant track commumncations

Convontional adlabatic protocols are ublquitously exploited for the

manipulation and control of quantum matter in & wide variety of flelds. They X POIRB N Sere
require however long evolution times and are thus prone 1o nome and Image. Tudonng of @nimIbons I i AONMOeOwse mpwmon of malier Sootgnts

AR R Ui eeton Def1) e shoniouis %0 sdmbabioly (rg)
decoherence errorm, Persoectives
Shortouts to adiabaticity provide an alternative control paradigm, free from the requirement of siow driving. They have been exploited Vigeo abstrocts

In various quantum platforms with both discrete and continuous vanables. Prominent examples Inciude ultracold gases, trapped lons,
nitrogen-vacancy centers and other realizations of fewlevel systems.

Gonueral soentific summaries

Associnte mombaors

Shortouts to adiabaticity have atso important implications on the foundations and applications of quantum theory, quantum statistical Copyright 8nd pormiasiona
mechanics and thermodynamics, quantum optics, quantum control, quantum information processing and quantum computation, Cianat N
This special issue aims at spurring the development of shortcuts to adiabaticity, fostenng experimental and theoretical progress at the Gusdelines and policies

frontiers of the fiedd, Submit an article




Quantum Heat Engines (e.g. Otto Cycle)
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Quantum Heat Engines (e.g. Otto Cycle)
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Quantum Heat Engines (e.g. Otto Cycle)

STA

« AdC, J. Goold, M. Paternostro, Sci. Rep. 4, 6208 (2014); arXiv:1305.3223
m « J. Deng et al., Phys. Rev. E 88, 062122 (2013); arXiv:1307.4182

UMASS * M. Beau, J. Jaramillo, AdC, Entropy 18, 168 (2016) (many-particle QHE)
BOSTON



Superadiabatic strokes: Fermi gas at Unitarity

=

Superadiabatic quantum friction suppression in finite-time thermodynamics

Shujin Deng,! Aurélin Chemt,? Pengpeng Diao,! Fang Li,' Shi
Yu,! Ivan Coulamy,®* Adolfo del Campo,* and Haibin Wu'®

'State Key Laboratory of Precision Spectroscopy,

Fast China Normal University, Shanghar 200062, P. R, China
“Massachusetls Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
Y Department of Physics, University of Massachusetts, Boston, MA 02125, USA
‘ Departamento de Fisica, Universidade Federal Fluminense, Niterdi, RJ, Brazil
? Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
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How it actually looks like ...
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Superadiabatic quantum friction suppression in
finite-time thermodynamics

Shajin Deng,’' Aurélia Chenu,” Pengpeng Diso," Fang Li," Shi Yu,' lvan Coulamy,**
Adolo del Campo,” Halbin Wu'**




How it actually looks like ...

Lowering curve
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Fermi gas: noninteracting and at Unitarity

Balanced mixture of 6Li in the two lowest hyperfine states

B Ve | R R . R .

H= ) / drl(x [ + 5mw(t)’r? | $o(r) + gl (r)e] (r)dy (r)¢s (r)
o=",|

Feshbach resonance to tune interactions

Ideal Fermigas B=528G 9 — 0

Unitary Fermi gas B=832G (J — OO

In both cases: Emergent conformal invariance at weak/strong coupling

V (yr) =y?V (r)
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Quantum fluids: scaling laws & counterdiabatic driving

Family of interacting quantum fluids

= | Sl —
_% Iﬂ §m00(t)2r|2 —|— V (I'i - I'j)

=1 i<j

y)[ )

Scaling-invariant dynamics when V (Yr) = y_ZV (r)

Shortcut to adiabaticity = Fast motion video of adiabatic dynamics ‘

302 14
w(t)? — Q%(t) = w?(t) — T Zt55
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Evolution of cloud radius b(t) without STA
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i AdC PRA 84, 031606(R) (2011) Deng et al. PRA 97, 013628 (2018)
UMASS. AdC PRL 111, 100502 (2013) Deng et al. Sci. Adv. 4, eaar5909 (2018)
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Evolution of cloud radius b(t) along a STA
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Non-STA at ideal Fermi gas

Non-STA at unitary Fermi gas
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UMASS. AdC PRL 111, 100502 (2013)
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Shortcuts: Suppressing quantum friction

(H®) = Q" ()(H(t))adian ~ Q(t) =1

0 us
200 ps

400 ps
600 ps
800 ps
yoMse%?‘. Deng et al. Sci. Adv. 4, eaar5909 (2018)




Shortcuts: Suppressing quantum friction

(H®) = Q" ()(H(t))adian ~ Q(t) =1

¢ s 1.4}
200 ps 1.3}
* [
O 1.2

e Non-STA

1.1}
600 pis |

1.0[080000000000000a02®™” Jaa gt _ _ _ _ '

800 ps

74

- |
UMASS Deng et al. Sci. Adv. 4, eaar5909 (2018)
BOSTON

Expansion time ty, (US)



Work output with/without STA

Expansion time fey, (US)

UMASS. Deng et al. Sci. Adv. 4, eaar5909 (2018)
oooooo




Integrated irreversible work along STA

0.06¢

% 0.04¢

0.02¢

0.00¢

1 [t 1
W= - /O dt [(W(1) = (Waa(t))] ~

7 ’ f

- |
yon%soﬁ. Deng et al. Sci. Adv. 4, eaar5909 (2018)



Quantum Heat Engines (e.g. Otto Cycle)
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Superadiabatic heat engines

Fast and Frictionless

NsTA = Nmax = 1 — —

« AdC, J. Goold, M. Paternostro, Sci. Rep. 4, 6208 (2014) (single-particle)
m « M. Beau, J. Jaramillo, AdC, Entropy 18, 168 (2016) (many-particle)

PIATR See too: Abah-Lutz EPL 118, 40005 (2017)



Full engine cycle?

<A>
Missing strokes

Hot isochore: parametric heating
Cold isochore: ?

('A = o Talk by R. Serra
|

Boston Dengetal Sci. Adv. 4, eaar5909 (2018), book chapter arXiv:1804.00604
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Work statistics in complex systems

K A. Chenu, I|. L. Egusquiza, J. Molina-Vilaplana, AdC, arXiv:1711.01277
yg‘sA'rsoﬁ' A. Chenu, J. Molina-Vilaplana, AdC, arXiv:1804.09188



Work pdf

Driven isolated system H . = E> ‘n 8> <n s |

n

Unitary evolution: physical time of evolution “s”

-
U(t) =T exp [—z/ dSHS]
0
Work probability distribution

pr(W) = 1% prjn6 (W — (Ej, — Ep)]

J. Kurchan, ArXiv:0007360 (2000): P. Talkner, E. Lutz, P. Hanggi, PRE 75, 050102(R) (2007)
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Work pdf: characteristic function

Fourier transform = moment-generating function

R |
x(t,7) = dWp, (W) e

— o0

Variable “t” different from the physical time of evolution “s”

Explicit expression

A A

S ., freff e A~ A~
X(t,7) = pplnole™ e gy HM =UT(r)H U(7)
mn
resembles a Loschmidt echo

J. Kurchan, ArXiv:0007360 (2000): P. Talkner, E. Lutz, P. Hanggi, PRE 75, 050102(R) (2007)
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From Work pdf to dynamics

Silva 2008:

If

system prepared in an eigenstate at s=0

sudden quench

think of “t” as a second time of evolution in a Loschmidt echo

X(t,7) = e’ e~ itHo |

Avoids explicit computation of transition probabilities in

pe(W) = pdplnd W— EL—EJ

n,m

UMASS.  A. Silva, PRL 101, 120603 (2008)
BOSTON



From Work pdf to dynamics: arbitrary setting

Chenu et al 2017:
Purification of arbitrary initial mixed state purification

po — [Wo) =Y /1 [no)r ® [no)r

UiﬂASS. A. Chenu etal., arXiv:1711.01277; arXiv:1804.09188
BOSTON



From Work pdf to dynamics: arbitrary setting

Chenu et al 2017:
Purification of arbitrary initial mixed state purification

po — [Wo) = P9 [No)z ® |No) R

Characteristic function as a Loschmidt echo amplitude

Xt 7) = 0 (nle T e~ itHo )

n

= (Uo|Wy) = (T|et 7 = itHo @ 11 |Wy)

A. Chenu etal., arXiv:1711.01277; arXiv:1804.09188
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From Work pdf to dynamics: arbitrary setting

Chenu et al 2017:
Purification of arbitrary initial mixed state purification

po — [Wo) = P9 [No)z ® |No) R

n

Characteristic function as a Loschmidt echo amplitude

X(t1T): i pnlﬂ |ethe itﬁoanD

n

., yeff -
[@o|W, = [@lettH- e~ itHo [T3|W,l

Loschmidt echo

L(t) = |[(Wo|Wp)|? ‘/ AW pe (W) W't

g

A. Chenu etal., arXiv:1711.01277; arXiv:1804.09188
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Work statistics and information scrambling

Scrambling:
Spreading of quantum correlations across many degrees of freedom

Papadodimas-Raju: decay dynamics of purified state, e.g., survival amplitude

L(t) = [(Wo|T;)|? = [(Vo|UL(t,0) ® 15|To)|?

74
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UMASS. K papadodimas, S. Raju, PRL 115, 211601 (2015)



Work statistics and information scrambling

Scrambling:
Spreading of quantum correlations across many degrees of freedom

Papadodimas-Raju: decay dynamics of purified state, e.g., survival amplitude

Lo

L(t) = |[Wo|W: 03 = |[Wo|UL (t,0) CTA|Wo!

Decay dynamics in Loschmidt echo ﬁL (t O) — e—l—itﬁﬁffe—itﬁo
Y

Scrambling from work pdf

L(t) = || W[ = ‘ / AW e (W) €Wt

KA A. Chenu etal., arXiv:1711.01277; arXiv:1804.09188

UMASS. AdcC, J. Molina-Vilaplana, J. Sonner, PRD 95, 126008 (2017)
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Work statistics and information scrambling

Scrambling:
Spreading of quantum correlations across many degrees of freedom

Papadodimas-Raju: decay dynamics of purified state, e.g., survival amplitude

Lo

L(t) = |[Wo|W: 03 = |[Wo|UL (t,0) CTA|Wo!

Decay dynamics in Loschmidt echo GL(t O) — e"‘it':'\iffe—itﬁo
]

Scrambling from work pdf

L(t) = || W[ = ‘ / AW e (W) €Wt

2

See too connections P(W) & OTOC
Goold Campisi PRE 95, 062127 (2017)
Yunger Halpern PRA 95, 012120 (2017)

KA A. Chenu etal., arXiv:1711.01277; arXiv:1804.09188

UMASS. AdcC, J. Molina-Vilaplana, J. Sonner, PRD 95, 126008 (2017)




Chaos & Complex systems

Chaotic systems as a paradigm of complex systems and test-bed for information scrambling

Described by Random Matrix Theory

Heavy Nucleus Systems

Ensembles of random matrices

Gaussian Unitary Ensembles (GUE): Hermitian Hamiltonians
Gaussian Orthogonal Ensembles (GOE): Real Symmetric Hamiltonians with time-reversal symm

Gavomo Uk
Marced Nowaer
Pregazo hm

Introduction to
. Random Matrices
Theoryand
Practice ——
]
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Chaos & Complex systems

Density of states: Universal for large Hilbert space dimension N

0.05

—x
P~ (o)

Eigenvalues spacing 10

Hf 1
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0S Os! E
Irl

x=S/D

Figure 1.6. Plot of the density of nearest neighbor spacings between odd parity atomic levels of a
group of elements in the region of osmium. The levels in each element were separated according
to angular momentum, and separate histograms were constructed for each level series, and then
combined. The elements and the number of contributed spacings are Hfl, 74; Tal, 180; W1, 262;
Rel, 165; Osl. 145; Irl, 131 which lead to a total of 957 spacings. The solid curve corresponds to
o the Wigner surmise, Eq. (1.5.1). Reprinted with permission from Annales Academiae Scientiarum
M Ass Fennicae, Porter C.E. and Rosenzweig N., Statistical properties of atomic and nuclear spectra,
: Annale Academiae Scientiarum Fennicae, Serie A VI, Physica 44, 1-66 (1960).




Work pdf & RMT

Example: Quantum quenches between two RMT Hamiltonians

A. Chenu et al. Quantum work statistics, Loschmidt echo and information scrambling,
arXiv:1711.01277
A. Chenu et al.

Work Statistics, Loschmidt Echo and Information Scrambling in Chaotic Quantum Systems
arXiv:1804.09188

See related work:

RMT large N asymptotics: M. tobejko, J. tuczka, P. Talkner PRE 95, 052137 (2017)

Disordered many-body systems: Y Zheng and D. Poletti, arXiv:1806.02555

BOSTON



Chaos & Complex systems

Initial thermal state

Sudden quench:

01 p
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' 0.001 e — w4
0.01 0.1 1 10 100
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UMASS. A Ghenuetal, arXiv:1804.09188



Chaos & Complex systems

(b) 1
p=0 =1
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UMASS. A Chenuetal., arXiv:1804.09188




Work for time-reversal operation

)

Time-reversal operation
Negation of system Hamiltonian (e.g. in GOE)

A

Ho — Hf =—Hy  Ho € GOE(N)

Loschmidt echo from partition function

ot

(L(1))goE

o

2

Z (8 + i2t)
Z (B)

oo 01 1 10 100

L(t) = | o] To(t) [ = \

Work pdf

p(W) = SEEGE

Mean work

W 3= —2

UMASS  A.Chenuetal., arXiv:1711.01277 % 4
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Summary

@ Friction-free quantum machines
via Shortcuts to Adiabaticity
Ideal and Unitary Fermi gas
Friction measurement & control of
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0 ps
600 ps
800 ps
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€ Work statistics of complex systems
Loschmidt echo and p(W)
P(W) and scrambling
Work pdf & chaos/RMT
Work pdf for time-reversal
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