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Motivation — Quantum Carnot cycle

Work and Heat simultaneously
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Open dynamics including non-adiabatic driving

Quantum Signatures in the Quantum Carnot Cycle, R. Dann and R. Kosloff, arXiv:1906.06946



Motivation — Quantum Carnot cycle

Environment (Bath)
Hp
H;

Quantum Signatures in the Quantum Carnot Cycle, R. Dann and R. Kosloff, arXiv:1906.06946

4 )
H ()= Hg (t) + Hy + 11,
o J

Open dynamics with non-adiabatic
driving

Complete description including
both coherence and energy



Motivation Il — Increase the power output of a
Carnot-analog cycle
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Quench
. . . . Hs(0
A () = Hs (t) + [y + 11, 5(0)
/Open system control problem:

~

How to control a state to state transformation
\_in an open system? y [ Entrogy changg J

Shortcut to Equilibration of an Open Quantum System, R. Dann, A. Tobalina, and R. Kosloff, PRL (2019)




How can we obtain the Master equation?
Analytic tools:

H(t) = Hs (t) + Hp + 11,

Non-Adiabatic Master Equation (NAME) Inertial theorem

N 7

[ Non-adiabatic open system dynamics }

Time-dependent Markovian Master Eq., R. Dann, A. Levy, and R. Kosloff, Phys. Rev. A 98, 052129 (2018).
The Inertial Theorem, R. Dann and R. Kosloff, arXiv:1810.12094 (2018).



NAME — Time dependent non-adiabatic process

Separation of timescales between system and
bath allows reduced system dynamics

AN

5o = a3 Hs (1)

1 - - .
70 = S ) (B35 L0 + SEL© £ 0.5 1))
[LindbladJump Operators: Ly, (1) ] ~
Where L g depends on the bath implicitly.

Not necessarily periodic! HS (0)



Non Adiabatic Master Equation (NAME)
)
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ﬁ(t):ﬁS(t)+HB‘|‘HI HI:ZQkAk@)Bk
k

NS A

* Following Davies’s derivation, the first step is a transformation to the
Interaction picture:

A (t) = UL (t) AUs (1) By (t) = ¢ifBt 3 o—illnt

Where the system evolution operator is given by,

iaﬁgt“) _Hs()Us(t)  OUs(0)=1  h=1

R. Dann, A. Levy, and R. Kosloff, Phys. Rev. A 98, 052129 (2018).



How do we find the jump operators ?

Liouville space representation: T
Operator Hilbert space with an inner product: (Xz';Xj) = tr (Xi Xj)

Time-dependent Hamiltonian: [A{S (t) Stationary Hamiltonian: ]A{S — E €; ‘@) <@|
i [S(1Hg(t), dt’ i

— f ([ S( )’ ]_l_ ’) |G
Z/{S (t) Te 0 ot Z/{S (t) — el[Hs,']t

Us (t) F; (0) = X (t) F} (0) Us () [n) (m| = een=em)t ) (m)]
’\fVave-function representation: A \ /
F; ( ) UT( ) (O)US( ) )\j (t) F; (0) Excitations

—> {FJ} Eigenoperators



Derivation of the NAME

Transformation to the Interaction picture: p (t) = ; g U () p (1) Us (1) Up

I

If ]A{_[: E gkAk@)ék then we can expand in Ak

the eigneoperator basis {F } E—) Ak Zf

Interaction

— /], (1) = N ek (1) O F @ By Fj = F} (0)
. Time independent!
Fj become the jump operators




Non Adiabatic Master Equation (NAME)

1 _
o (Wz' (t)) 8~ B TR o (9%)
1. Weak coupling

2. Born- Markov approximation = 5 (t) = ps (t) ® pB
3. Fast bath dynamics relative to the external driving

[1.TB<<7'R 2. TB K 75§ 3. TB KX Ty J

d

Eﬁs (t) = —i [ﬁLS (t), ps (t)]

+ 36 0 s (o 0) (s OV F] - 3{E] s 0}

Lamb-shift Hrs (t) = >4 ASu (of (t) F F;
R. Dann, A. Levy, and R. Kosloff, Phys. Rev. A 98, 052129 (2018)



How to solve the free dynamics with driving ?
Inertial Theorem

Non-adiabatic driving > [ﬁg (t), Hg (t’)] # 0
> Time-ordering problem E—) We want to solve this!

The inertial theorem approximates the evolution of a quantum system, driven by an
external field. The theorem is valid for fast driving provided the acceleration rate is small.

Liouville space representation: Elements {X} with inner product ()A(Z-, Xj) = tr (XiTXj)
Operator basis: U (t) = {Xl (), ..., XN (1)}

d _, [ o\ Closed Algebra
ar’ = (Z s (0 o] + a)“(ﬂ m— (1) = —iM ()T (1)

For the appropriate driving protocol and operator basis, M (t) —0 (t) B (f)
we can factorize the generator

—
The Inertial Theorem, R. Dann and R. Kosloff, arXiv:1810.12094 (2018). X — {Xl IRRRE) XT}



Inertial Theorem: For slowly varying X :

-~

~

Inertial T (x,0) =3 cpe” 9 Fy (¢ (9))
solution :
| X
Geometric ox (0) = z[ dx (GHV,—C»F;C)
\_ phase X(%) W,

ék - bi-orthoganal partners of F}.
Inertial condition

Inertial parameter T = maxy

e

' (é‘k VfBﬁn)

dx

()\n — )\k)Q

The Inertial Theorem, R. Dann and R. Kosloff, arXiv:1810.12094 (2018).
Experimental Verification of the Inertial Theorem, C.K.Hu, R.Dann, et al. , arXiv:1903.00404

(

do

;

4 B
M (t) =2 () B(X)
0(t) = t Q(t') dt’

(¥ /0 J

<1



Explicit example — quantum Harmonic oscillator

/ Liouville time-dependent operator basis\

! N N
N : ¥(t) ={Hs,L,C.K,J, I}
[HS—QUWQWQ } T 3
m gm0 O =5 (PR af
b=g, —amw )R~ C= 2 (PQ+QP)
| | p
K=+wl(t /=
K \/mQ o mm/
PrOtOCOI-w(t)_l_Mw(O)t [X:ﬂ:EJ
_'u —u 0 0 0 0
—u p -2 0 0 0
0 2 M 0 ol
@6 0 0 & 1 0
0 0 0 —1 _% 0
b g W @ b

The Inertial Theorem, R. Dann and R. Kosloff, arXiv:1810.12094 (2018).



Inertial solution — quantum Harmonic oscillator

dv (t) . )
= —iw (t) B () v (1)
dt
( Inertial solution ()= epe Jo0) Wi (1 (1)) Hﬁ S (t)}
u(6(1))
Geometric phase o (0(t)) =1 / dp (gkjvu?ik)
K #(6(0))

[ Eigenvectors of B (1) = Eigen operators l;k J

<<1} k= \/4— 1? Q(t):[w(t’)dt,

0
In comparison, Adiabatic condition for HO: [ < 1
The Inertial Theorem, R. Dann and R. Kosloff, arXiv:1810.12094 (2018).

1 d i
2 (t) dt

Inertial condition T ~
(2K)




Reduced driven system dynamics — incorporating the
NAME and the Inertial Theorem

Transforming variables in the interaction picture: |:Ba ET] =1

d U U NP R

375 0= k() (33 OF = 505,75 (0} ) + k1 0 (87 ()5 - 50015 ()
o eatker _ @ (0)]d] i} _\/ L emN

[mw—mwe =S (14 N (1) O=y\1-1(55) <0

[ b=b(0) = 1/ me@ (tin (Q) + %P(O))} k= /4 — 2

Andersen, H. C., Oppenheim, I., Shuler, K. E., & Weiss, G. H., Jour. of Math. Phys. (1964)



Shortcut to Equilibration

A

H(t)=Hs(t)+ Hg + H,
HT 7 f?s(tf)

P (wo) = 2 (wy) WQW

[ Entropy change J

Shortcut to Equilibration of an Open Quantum System, R. Dann, A. Tobalina, and R. Kosloff, PRL (2019)



Engineering the shortcut to equilibration protocol

@essing a solution of the Generalized Canonical form

ps (t) = (Z (1))

C B=k (e’ — 1) + &y (7 — 1+ 4€°||?)

~1 AWF OB (0)(5)°

YA

B =k (a(t) (¢’

— 1) + kt (a (1)) (6_5 — 1)

For an initial thermal state

~

e
B B
g = (ky + ky) v — 2kyye™” VAN 1 (0)=p(t;) =0 .
2 4 y = P )
) w(t) Cm— B (t) Gy (s) = (0)+03s + c48 —|—c5s5
N s =1t/ty y
=B = 80 = a0 = WO A= b I

R. Dann, A. Tobalina, and R. Kosloff, arXiv:1812.08821 (2018).

Control




STE - Results

Expansion

Compression
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STE Quench Adiabatic
Coh = w W/ (L)2 + (C)?

R. Dann, A. Tobalina, and R. Kosloff, PRL (2019)
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STE- How much does it cost?

STE Quench Adiabatic Rapld driving costs!
Compression Expansion Compression
f} osl —— STE l E? 1 | | il bl bl T TY YT TE T =
3E k — — - Quench » g 09/ ggﬁ
2 0.6¢ — - — Adiabatic ' :
= = 0.7
§ '0'4;___ | SNV | tuteitntstattataatnit T .| S ———
Y ainiiniininkininittl BN 10 30 50 70 10 30 50 70
10 30 50 70 Expans tr/ (27 /Wmin) ty /(27 /Winin)

ty/ (27 /wWmin)

- W
t o1 (#) Efficiency:
W :A dt,tl‘( ot Ps (t’)) ngeal




STE — Thermodynamic analysis

Expansion
ASglLEﬂCfL
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Quantum Carnot-analog cycle
Teyele = 250/ (27 /Winin)

E 20 H]—rl Qm
£ 1.
-L.E3 1 g * Open expansion
- 1.4- * Adiabatic expansion
E 1'25 * Open compression
{i 1.0t _ * Adiabatic compression
° 3¢
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Winin = O

Quantum Signatures in the Quantum Carnot Cycle, R. Dann and R. Kosloff, arXiv:1906.06946




Quantum Carnot-analog cycle

19 1.0f
0.8} :
0.6t , 0.8
P 2 06
= 94 & 04
0.2 & 0.2
0.0t _ 0.0¢
e 0.2 '
0 20 40 60 80 100120140 0 20 40 60 80 100120140
Tcycfﬁf/(gﬂf!wmin) 1.0; Tﬂyﬁf{?,’f(zﬁ;’!{“‘:lmiﬂ)
0.8}
nca = 0.56n¢ s Efficiency vs Power
0.2] tradeoff
0.0/=
00 02 04 06 08 1.0
P/Pmax

Quantum Signatures in the Quantum Carnot Cycle, R. Dann and R. Kosloff, arXiv:1906.06946



The Journey we took:

Desire: mmm) Open system dynamic: —> Closed system dynamic:
Q. Carnot NAME Inertial theorem

) ControSITpErobIem: mmm) Q. Carnot-analog cycle

Shortcut to Equilibration - Study implications
* Quantum Carnot-Analog cycle
* Open quantum system control — rapid change of the system entropy

* Cooling






