UNIVERSITE
DE GENEVE

Swiss NATIONAL SCIENCE FOUNDATION

A2 . 5\9
s’/} )
{7As ):
A5

L)

3

(GENS

Autonomous nanoscale entanglement engines

Géraldine Haack
Junior group leader, Swiss Prima starting grant

The reset master equation: thermodynamics and open questions

BIRS workshop, Banff, 22.08.2019
“Charge and Energy Transfer Processes: Open Problems in Open Quantum Systems”



FNS NF| 2% UNIVERSITE
%)) DE GENEVE

Swiss NATIONAL SCIENCE FOUNDATION

Quantum Correlations Group (Prof. Nicolas Brunner)

Quantum Information Theory & Quantum Thermodynamics



FNS NF | UNIVERSITE

Swiss NATIONAL SCIENCE FOUNDATION Y DE GENEVE

Armin Tavakoli Nicolas Brunner Me
(Uni Geneva) (Uni Geneva) (Uni Geneva)

Marcus Huber Jonatan B. Brask
(IQ0Ql Vienna) (DTU, Denmark)

Ralph Silva (ETH Zirich), Marti Perarnau-Llobet (TU Munich), Patrick P. Potts (Lund Sweden)



Exploiting quantum properties of the working fluid

LP.T.P.1.P.1T.P. R

Correa, Kosloff 1 —2um
Hanna, Nitzan,

MWW

RLoad

Typical outputs : Power (heat engine), cooling ratio (fridge)

Take advantage of quantum properties to enhance efficiency
Haack, Giazotto, arXiv:1905.12672, Chiaracane et al., arXiv:1908.05139

Can we use thermal machines to generate quantum resources?

Entanglement? Multipartite entanglement?



Steady-state entanglement quantum engine

Brask, Haack, Brunner, Huber, NJP 17 (2015)
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Brask, Haack, Brunner, Huber, NJP 17 (2015)



Steady-state entanglement quantum engine

4 )
—wwwy —

g L=/
- W,

H, = E(|[1)(L1 + [1)(1]2)
Hint = g (J01)(10] + h.c.)

Brask, Haack, Brunner, Huber, NJP 17 (2015)



Steady-state entanglement quantum engine
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H, = E(|[1)(L1 + [1)(1]2)
Hint = g (J01)(10] + h.c.)

Time-independent interaction Hamiltonian, time-independent bath couplings

—> Thermodynamics: no work, only heat exchange
Autonomous quantum thermal machine
Ground state is a product state when g < E (weak inter-qubit coupling)

Solve master equation to obtain the steady-state solution

Brask, Haack, Brunner, Huber, NJP 17 (2015)



Dynamics
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H, = E(|[1)(L1 + [1)(1]2)
Hint = g (J01)(10] + h.c.)

» Probabilistic reset: p(t + dt) = —i[Hs, p(t)] dt + ~vdt 7 + (1 — ~vdt)p(t)

Thermalstate 7 = 7|0)(0| + (1 — r)|1)(1|

1
1+ e E/(kpT)

Ground state population 7 =

Brask, Haack, Brunner, Huber, NJP 17 (2015)
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» Probabilistic reset: p(t + dt) = —i[Hs, p(t)] dt + ~vdt 7 + (1 — ~vdt)p(t)

Thermalstate 7 = 7|0)(0| + (1 — r)|1)(1|
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* Reset master equation (local): p(t) = —i[Hs, p(t)] + v (7 — p(t))

Brask, Haack, Brunner, Huber, NJP 17 (2015)
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H, = E(|[1)(L1 + [1)(1]2)
Hint = g (J01)(10] + h.c.)

» Probabilistic reset: p(t + dt) = —i[Hs, p(t)] dt + ~vdt 7 + (1 — ~vdt)p(t)

Thermalstate 7 = 7|0)(0| + (1 — r)|1)(1|

1
1+ e E/(kpT)

Ground state population 7 =
* Reset master equation (local): p(t) = —i[Hs, p(t)] + v (7 — p(t))

* For two qubits: p(t) = —i[Hs + Hint, p(t)] + vn (Tn @ Trp(t) — p(t)) + ve (Trep(t) @ e — p(1))



Dynamics
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g L=/
- J

H, = E(|[1)(L1 + [1)(1]2)
Hint = g (J01)(10] + h.c.)

» Probabilistic reset: p(t + dt) = —i[Hs, p(t)] dt + ~vdt 7 + (1 — ~vdt)p(t)

Thermalstate 7 = 7|0)(0| + (1 — r)|1)(1|

1
1+ e E/(kpT)

Ground state population 7 =
* Reset master equation (local): p(t) = —i[Hs, p(t)] + v (7 — p(t))

* For two qubits: p(t) = —i[Hs + Hint, p(t)] + vn (Tn @ Trp(t) — p(t)) + ve (Trep(t) @ e — p(1))

I:> talk by C. Koch on optimal control for reset



Steady-state entanglement quantum engine

4 )
—wwwy —

g [
\_ J

Hs = E(|1)(1]1 +[1)(1]2)
Hyne = g (|01)(10] 4 R.c.)

0.05F

0.03 soal
— T./E=02 —

58 0.02f / = 0.03}

> D)
o / T./E=0 ' 0.02}
0 . _ _ ] 0.01} T./E =0.2
0 2 4 6 8 /——_J
T,/E 0.00 : _ _

0 2 6 8

4
T,/ F
Steady-state heat flow sustains the generation of entanglement

Brask, Haack, Brunner, Huber, NJP 17 (2015)



Steady-state entanglement quantum engine
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Circuit QED platform NV centres
Huard group (ENS Lyon, France) Houck and Berg-Sorensen (DTU, Denmark)

N

Thermal baths : Spectral density of current noise

1
o« ERe[Y (F)] o E ) (Proposal)




Multipartite entanglement?
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Which quantum states can be generated via an autonomous thermal machine?

Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)
Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



The reset evolution equation
Open guestions on open quantum systems

Environment System
ﬁ— 1 p(t) = —i[Hs, p(t)] + v (7 — p(t))
........................ l Reset state not specified
k
; p(t) = —ilHs, p(t)] + (o — p(t))
W,

N dim




The reset evolution equation
Open guestions on open quantum systems

Environment System
N1 p(t) = —i[Hs, p(1)] + v (7 — p(t))
........................ l Reset state not specified
k
i p(t) = —i[Hs, p(t)] + v (o — p(t))
W

N dim

* Linearity ?

* Equivalent to a Lindblad-type ME ?
* Relevant for experiments ?

* Are the laws of thermodynamics valid ? For any reset state ?



The reset evolution equation
Open guestions on open quantum systems

Environment System
' M . |
Nl p(t) = —i[H, p(t)] + (1 — p(t))
| l st st mot secied
¢« k
i p(t) = —i[Hs, p(t)] +v (0 — p(1))
\_ 0
N dim
o Linearity?  p(t) =7 (0 Trlp(t)] — p(t) ===  L(apy +bps) = ... = a%L 4 pIP2
' dt dt dt

* Equivalent to a Lindblad-type ME ?
* Relevant for experiments ?

* Are the laws of thermodynamics valid ? For any reset state ?



Equivalent to a Lindblad master equation ?

Environment System
N ] |
N1 p(t) = —i[H, p(t)] + 7 (7 = p(1))
........................ l Reset state not specified
k
i p(t) = —i[Hs, p(t)] + v (o — p(t))
Oj Lindblad dissipators: D[A]p = ApAT — 1{ATA, p}

N dim



Equivalent to a Lindblad master equation ?

Environment System
N} . |
Nl plt) = —ilHy, p()] + 7 (7 = p(t))
l Reset state not specified
k
i pt) = —i[Hs, p(t)] + v (o = p(1))
Oj Lindblad dissipators: D[A]p = ApAT — 1{ATA, p}
N dim
* Rate equations for the populations for Lindblad dissipators
5>0
N-2 k—1
PN—lZ Z (FJN 1P — j_N—le—1> Z k+ Z Fk] Dj szO,,N—l

j=0 J=0 j=k+1



Equivalent to a Lindblad master equation ?

Environment System
N ] |
N p(t) = —i[Ha, p(t)] + 7 (T — p(t))
........................ l eset state not specified
k
i pt) = —i[Hs, p(t)] + v (o = p(1))
Oj Lindblad dissipators: D[A]p = ApAT — 1{ATA, p}
N dim
* Lindblad * Reset
- ZFJHZFLD Pk Pr =7 (Okk — P&)
i<k j>k

=7 akapj—pk
rh+> Ty ( =0 )
+(grirgm)»

=5 (okk — 1) pr + ¥ Ok ZPj"’ij

i<k >k



Equivalent to a Lindblad master equation ?

Environment System
4 N} . |
Nl plt) = —ilHy, p()] + 7 (7 = p(t))
~y l Reset state not specified
<« g | |
; (1) = —ilH,. p(t)] + (o — p(t))
/Identification for the populations: )
\_ OJ VOkk = P;_k: V055 = ng
N dim Y055 = 1 York = L
1<k 7>k
N /
e Lindblad * Reset
Pk = — ZI’j_quZF:j Dk Pr =7 (Okk — Pi)
i<k >k

( % )
=7\ Okk ij — Pk
<k >k
a ’” =¥ (okk — 1) Pr + 7 Ok (ij—Fij)

i<k >k



Equivalent to a Lindblad master equation ?

Environment System
4 N} . |
Nl plt) = —ilHy, p()] + 7 (7 = p(t))
l Reset state not specified
k
i p(t) = —i[Hs, p(t)] + v (o — p(t))
/Identification for the populations: )
\_ Oj VOkk = F;_k: V055 = ng
N dim Y055 = 1 York = L
J <k j>k
N /

* For the coherences ?
Reset: pjr = ’Y(Ujk — pjk)

Lindblad : ... —— Need an additional pure dephasing channell! kaD[agk]p



Equivalent to a Lindblad master equation ?

Environment System
4 N . |
Nl plt) = —ilHy, p()] + 7 (7 = p(t))
l Reset state not specified
k
i p(t) = —i[Hs, p(t)] + 7 (o — p(t))
/Identification for the populations: )
\_ Oj VOkk = P;_k: V055 = ng
N dim Y055 = 1 York = L
1<k 7>k
N /
* Forthe coherences ?
Reset: pjr = ’7<Ujk — pjk)
Lindblad : ... ——— Need an additional pure dephasing channel! kaD[aik]p

[ Reset ME : Lindblad-type ME + additional dephasing channel J

Relevant for experiments!



Local detailed balance

Environment System
N . |
N p(t) = —ilH,, p(t)] + 7 (T — p(t))
l Reset state not specified
k
i p(t) = —i[Hs, p(t)] + v (o — p(t))
/Identification for the populations: )
V) yore =T, v =T
N dim Y055 = Ly Yore =Ly,
\ J <k j>k /

e~ Er/(kpT)

r+k Okk =~ %2 Reset state must be thermal
L

o — ¢ Eir/ksT ‘ o5k =0 to satisfy local detailed balance
J




First law of thermodynamics

Environment System
A p(t) = —ilHs, p(t)] + v (T — p(1))
l Reset state not specified
p(t) = —i[Hs, p(t)] + v (o — p(¢))
[ E(t) = Q(t) J
W,
N dim
* Energy change * Heat flow
= Ey(t)pre(t) => > (Bx — Ej)(T}.p; — T;,pn)
k k j3<k

Z’YZEk(t)(Ukk_pkk)- = ...
k

Identification = E(t)



First law of thermodynamics

Environment System
) o
p(t) = —i[Hs, p(t)] + v (T — p(t))
l Reset state not specified
p(t) = —i[Hs, p(t)] +v (o — p(t))
[ E(t) = Q1) J
W, .
: No constraint on the reset state
N dim
* Energy change * Heat flow
= Ey(t)pre(t) => > (Bx — Ej)(T}.p; — T;,pn)
k k j3<k

Z’YZEk(t)(Ukk_pkk)- = ...
k

Identification = E(t)



Second law of thermodynamics

Environment System

A p(t) = —i[Hs, p(t)] + (7 — p(t))

l Reset state not specified
p(t) = —i[Hs, p(t)] +v (o — p(t))
[ E(t) = Q1) }
: / No constraint on the reset state
N dim
* Entropy change
S(t) = % (=Tr(plnp)) = =Tr(plnp) = —’yTr<(0 —p) lnp) = ~vD(o||p) —I—’y(k?’(a) — S(p'))

>0 U
Entropy production Entropy flow ?

Can the entropy flow be written in terms of heat flow ?
Does it necessarily imply a thermal reset state ?



Conclusion and outlook

For autonomous entanglement engines, reset ME turned out to be very useful

* Steady-state entanglement between two qubits
Brask, Haack, Brunner, Huber, NJP 17 (2015).

* Generalization to multipartite entanglement (cluster & GHZ & W states)
Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)
Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022

Reset ME
Equivalent to a Lindblad-type ME + pure dephasing channel

Local detailed balance only verified for a thermal reset state
First law of thermodynamics seems to not required a thermal state
Second law ?

Non-Markovianity ? Engineered environment ?

Haack et al., in preparation (2019)
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Do incoherent couplings to thermal baths limit the amount of entanglement?

Brask, Haack, Brunner, Huber, NJP 17 (2015)



Heralded entanglement quantum engine
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Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Heralded entanglement quantum engine
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Heralded entanglement quantum engine
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. /

Hins =@1102) (20| +g3J11)(20] +@Ga)11)(02] + h.c.

* Dynamics : Reset master equation

e Steady state solution : weakly entangled steady state

Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Heralded entanglement quantum engine
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Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Heralded entanglement quantum engine
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Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Heralded entanglement quantum engine
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Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Heralded entanglement quantum engine
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Entangled state

Success probability

Tavakoli, Haack, Huber, Brunner, Brask, Quantum 2 (2018)



Multipartite entanglement?
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Generalize to multipartite entanglement

-

S
1
I
I
I
—

(

T,
1
|
|
1

-

I

T
1
|
|
1

-

i,
1
|
|
1

P——

i

|

~

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Generalize to multipartite entanglement
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Target state |VU)

Hfree — Z <Z Al(q;l)l>k<l>

k=1 \l=1

Discarded state for qutrit k : Ry,
|R) = |R1, Ro, ..., Rg)

Hint = g(|R)(T| + h.c.)

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Generalize to multipartite entanglement
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Which target can be generated?

|IR) = |R1, Ra, ..., Ry) ps 01 ~ |U) (T
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Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Generalize to multipartite entanglement
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Discarded state for qutrit k : Ry,
Which target can be generated?

|IR) = |R1, Ra, ..., Ry) ps 01 ~ |U) (T
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Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Generalize to multipartite entanglement
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success probability

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022






Thermal steady-state entanglement
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* Most basic model
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* Analytic steady-state 00
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)2 ( ) Pe + DPh

2
= YV |PcPhTe @ Th +
(pc + Ph

o O O
o o o

0 O
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0 O

* Concurrence (measure of entanglement) : Given by the eigenvalues of R = 1\/\/pp\/p

B Wooters, PRL (2001)
* Heatflow: Q.= p.E(1|p. — 7|1)

(Parameters optimization for each temp. bias) J. B. Brask, G. Haack et al., NJP 17 (2015)



Heralded entanglement
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Generalize to multipartite entanglement

4 )
— — =] [[=3 [[—=:
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|
\
Tcold
Target state |VU)
N 2 : : .
Which target admits an entanglement engine?
Hfree — Z (Z Al(g;l)l>k<l>
k=1 \l=1 [HSaHint] =0
Discarded state for qutrit k : Ry To be determined: |R), A
|R) = |R1, Ro, ..., Rg) Which target can be generated?
_ Mo, JI ~ W) (W |
H.. = 9(\R><‘I’\ n h.c.) P W) (Y| All the above!

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Proof

Target state | . : :
g V) Which target admits an entanglement engine?

N /2
Hieo = Y (Z A;”z>k<z> [Hy, Hing] = 0
=L M To be determined: |R), Ag

Discarded state for qutrit &k : Ry,
Which target can be generated?

|R) = |R1,Ro, ..., Rg)
Hpg Il ~ | W) (¥ All the above!

Hins = g(|R) (9] + h.c.)

1. Autonomy condition -> |R), Ag

2. If this condition is satisfied for g hot qutrits and N-q cold qutrits,
then it can also be satisfied for 1 hot qutrit and N-1 cold ones

Mpodl -
1 1 — ! = 55 = \Ij \IJ
3. Inthelimit T, > 00, T. =0, p Tr{Tpes ) (W) (|

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Autonomy condition

Target state v . : :
g V) Which target admits an entanglement engine?

Hiree = Z <Z A(l |l l) [H57Hint] =0
o=l To be determined: |R), Ag

Discarded state for qutrit &k : Ry,
Which target can be generated?

|R) = |R1,Ro, ..., Rg)
Hpg Il ~ | W) (¥ All the above!

Hins = g(|R) (9] + h.c.)

W)= > caln)

ﬁ€S|q,>
Both | R) andl\m are eigenstates of H ... with eigenvalues E'r and Ej

H,,H;,;]=0 <& Ez=~FEg
N

N
1 1
32 (R + (2= RO = m)AL + mal) | - 53 Rl | =0
k=1 k=1

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Example: GHZ states with N=3
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Teold
H;ni = g(]200)(111]| + |200)(022| + h.c.)

Target state |VU)

Hpreo = Z (Z AP )

k=1

Discarded state for qutrit k : Ry,
|R) = |R1, Ro, ..., Rg)

Hint = g(|R)(T| + h.c.)

Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Example: GHZ states with N=3

- — — 1
{_T_\ i i :':‘: GHZ) = |¥) = ﬁ(\m()) +1011))
=] Pemee’ -— ) 1
= - _ T) = —(|111) + 022))

= / V2
N
|R) = |200)

Teold

1. Autonomy condition
Ep =AY
Ein =AY 4240
Epog = 2A%

3. Flow diagram

’Yh//'\‘%/?)

H;ni = g(]200)(111]| + |200)(022| + h.c.)

) INQIESYNSD.

C

- AN = (A - A2

C

] Po11 (29 /3 + 27e) = v1/3(Pi11 + Po11)

Goes out Comesin

‘ . {J001),]010)}
7h/3 Ye Tavakoli, Haack, Brunner, Brask, arXiv:1906.00022



Example: GHZ states with N=3
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1. Autonomy condition
Ep =AY
Ein =AY 4240
Epog = 2A%

3. Flow diagram
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Example: GHZ states with N=3
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N §_/

[R) = [200)
Tcold
H;ni = g(]200)(111]| + |200)(022| + h.c.)
In the filtered subspace, normalization: Ratio is conserved
Pi11 + Poaa + Po11 + Praa =1 PS%E Vh < Ve
_ 2

Ps + P, = 1/2(:>PS(1+%) =1/2
S
Po11 (29 /3 + 27e) = v1/3(Pi11 + Po11)
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