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Classical Otto Engine

Intake stroke PA
Compression stroke (adiabatic), Pl
Vi— Vo, Pop— P «I—

P,+ QII 4
Heating stroke (isochoric), P> — P3 |2 O
Expansion stroke (adiabatic), Pyt 2 o
Vo > Vi, Ps— P VeV, V=V Y

Cooling stroke (isochoric), P3 — Py

Efficiency noto = 1 — 7,
r = V1/V2, v = Cv/Cp 1

! Quattroch 2006.
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Bose Hubbard Model
Quantum Anne

NGS-MBL Engine
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Bose Hubbard
Quantum Anne

NGS-MBL Engine
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Bose Hubbard Model
Quantum Annealing

NGS-MBL Engine
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NGS-MBL Engine

Energy Spectrum of
disordered (DIS) and Mott
(MOTT) insulator phases
Compared to the MBL
engine, the NGSD engine
does not operate at the
middle of the spectrum

This allows us to achieve high
efficiencies (1 — 1/Gap Ratio)
in shorter times
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Bose Hubbard Model
Quantum Annealing
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Bose Hubbard Model

Quantum Annealing

NGS-MBL Engine

Hamiltonian3

U
=—ZJU(aITaj+h.c +§Zn, ni+1)
Cijy i

+Z (hi — p) n; (1)
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Bose Hubbard Model

Quantum Annealing

NGS-MBL Engine

Hamiltonian3

(Al . et
fZJU(aiaJ+h.c +22n, (nj+1) \/\/\/\/\/\/
<ifjy ! h

i J>U
—I—Z(h,‘ — ) n; (1)

Superfluid phase
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Bose Hubbard Model

Quantum Annealing

NGS-MBL Engine

Hamiltonian3

(4l 5.
fZJU(aiaJ+h.c +§Zn, (ni +1) \/\/\/\/\/\/
<ifjy i Y
—I—Z(hi—M) n; (1) \WN
! h \Y LJ LJ LJ

Superfluid phase
Mott insulator phase (MOTT)
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Bose Hubbard Model

Quantum Annealing

NGS-MBL Engine

Hamiltonian3

fZJ,-j(alTaj+h.c +§Zn, (ni +1) \/\/\/\/\/\/
<ifjy ! hiy
R ATAAAAY,

Superfluid phase
Mott insulator phase (MOTT)
Disordered phase (DIS)
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Bose Hubbard Model

Quantum Annealing

NGS-MBL Engine

Hamiltonian3

fZJ,-j(alTaj+h.c +§Zn, (ni +1) \/\/\/\/\/\/
<ifjy ! hiy
R ATAAAAY,

Superfluid phase
Mott insulator phase (MOTT)
» Disordered phase (DIS)
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Bose Hubbard Model
Quantum Anneal

NGS-MBL Engine

Adiabatic evolution of Hy — H,*

H(t) = HoA(t) + Hp,B(t)  (2)

“4Farhi et al. 2000.
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Bose Hubbard Model

NGS-MBL Engine

Quantum Annealing

1.0 1.0
Adiabatic evolution of Hy — H,*
0.8 0.8
H(t) = HoA(t) + HpB(t)  (2) o6 0.6_
<0.4 042
0.2 0.2
0.0 0.0

O 0 X o 2 \°
Time [1/T]

“4Farhi et al. 2000.
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Bose Hubbard Model

NGS-MBL Engine

Quantum Annealing

1.0 1.0
Adiabatic evolution of Hy — H,*
0.8 0.8
H(t) = HoA(t) + HpB(t)  (2) o6 0.6_
Bose Hubbard as annealing problem “o04 0.4
0.2 0.2
H(t) = Ho + C(t) ). hinj, (3)
- 0.0 0.0
©
c(e) = { Al), DIS—MOTT ® o o o° P AP
~ 1 B(t), MOTT — DIS Time [1/T}

(4)

“4Farhi et al. 2000.

Nick Materise and Eliot Kapit Quantum heat engine simulated on superconducting qubits



Proposed Experimental Realization

Superconducting circuit
elements?

=
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Proposed Experimental Realization
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Proposed Experimental Realization

Superconducting circuit
elements®

Device layout

SQUIDs forming tunable
transmons

=
=

Nick Materise and Eliot Kapit Quantum heat engine simulated on superconducting qubits



Results — Compression & Expansion Strokes

Eigenenergies :
Evolve adiabatically £ (0
between MOTT & DIS
eigenstates, (77 — 7”),
(7_/// — 7_)

5DIS

Hamiltonian
control 4;(f)
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Results — Compression & Expansion Strokes

Eigenenergies : =
Evolve adiabatically £ (0

between MOTT & DIS

eigenstates, (77 — 7”), 2 T Ovorr
(7_/// — 7_)
Calculate fidelity Jdisp
|{1p¢|abe>]? and residual
energy |E; — (H)| Ipis

Hamiltonian

control 4;(f)
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Results — Compression & Expansion Strokes

Eigenenergies '
Evolve adiabatically Ej (0
between MOTT & DIS

eigenstates, (77 — 7”), =2 Tovort
(7_/// — 7_) !
Calculate fidelity Jdisp
|(1bf|1pe)|? and residual

energy |E; — (H)| Ibis

Repeat, average over 100

different Hamiltonian
h,‘ € [—10.], 10../] control A;(7)
realizations
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Results — Compression & Expansion Strokes

Compression (7' — 7”)  Expansion (7" — 7)
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Results — Compression & Expansion Strokes
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Results — Compression & Expansion Strokes

Compression (' — 7”)  Expansion (7" — 7)
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Outlook and Conclusions

Eigenenergies :
Ej (1)

NGSD engine projected to
have efficiency as function of
ratio of MOTT / DIS gaps

5DIS

Hamiltonian
+ control /(1)
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Outlook and Conclusions

Eigenenergies } =
-

NGSD engine projected to 5O F ;
have efficiency as function of /
ratio of MOTT / DIS gaps : 2 [ Omort
Adiabatic time scales for / v

compression and expansion Oisp
strokes look promising for 5
NS < 6 DIS

Hamiltonian

control /;(7)
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Outlook and Conclusions

Eigenenergies } =
-

NGSD engine projected to 5O F ;
have efficiency as function of /
ratio of MOTT / DIS gaps : 2 [ Omort
Adiabatic time scales for / v

compression and expansion

strokes look promising for
5DIS
Ns <6

Repeat calculations on the
DWAVE machine, explicit
modeling of the cold bath

Hamiltonian
control /;(7)
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Bose Hubbard Model (Two-Level Perturbative)

MBL Engine

Single qubit engine cycle3 RV
0GOE OMBL B =
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3ose Hubbard Model (Tv vel Perturbative)

MBL Engine

Heat and work absorbed3
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MBL Engine

Applied to qubit MBL engine3
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Bose Hubbard Model (Two-Level Perturbative)

1. Expansion 2. Cooling
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4. Heating

3. Compression

Eigenenergies
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Bose Hubbard Model (Two-Level Perturbative)
MBL Engine

Hamiltonian

Ns—1
H=—JZ (07074 +he)

Ns—l 1
+ Z ]1+a,.2)§(11+a,.11)

+ Z l+2al+1al+10 +hec ) (8)
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Bose Hubbard Model (Two-Level Perturbative)
MBL Engine

Hamiltonian
Ns—1 Note, all operators are now
H=—J Z (0f o7y +he) particle number conserving
=1
g N1y -
‘ 1 oo iy = Lji) (9)
—I— (1+07)=(1+o07 !
-Z Dt ot o liy = sign(i = 1)[)
(10)

+ Z l+2al+1al+10i_ + hC) (8)
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Bose Hubbard Model (Two-Level Perturbative)

MBL Engine

Quantum Computation by Adiabatic Evolution.
“A dissipatively stabilized Mott insulator of photons”.
The internal combustion engine (Otto cycle).

“Quantum engine based on many-body localization”.
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