Critical heat current for operating an entanglement engine
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Fig. 1: Two-qubit thermal machine

H = H + Hipy + Hg + Hsg (1)

Local master equation

The local Lindblad equation (valid for weak-inter-qubit coupling [2]) for the machine is
given by

p(t) = —i|Hg + Hint, p(t)] + Z ’Y;'FD [Ugﬁj)} p(t) + 7]'_7) {0@] p(t) (2)
jethc
with the dissipators D [A] p(t) = Ap(t) AT — {ATA, p(t)} /2. For Bosonic baths, fy;-r =

ang) and ;" = 7;(1 + ng)), j € 1h,c}.
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The steady-state heat current is defined as Jss = Qp° — Q}°
Q;j(t) = Tr | Hs (v} D; || p(t) + 77D o p1)) | (4)
The steady-state negativity is given by
N(pss) = max{0,n(pss)} , (5)

where

nlps) = 5 (VU + (1= = (7). ()

Using the exact form of the steady state,
B Jss (20 — 1I)

¢ (7)
Combining with the condition for non-zero steady-state entanglement, |c|> > 77y
(PPT criterion), one obtains a lower bound on heat current for non-zero entanglement
in the steady state.

169217
Jss > \/F29_|_ iég (ghrc + 5@Fh>2 = JC (8)

Necessary and sufficient condition for the engine to operate successfully!
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Fig. 2: Steady-state (a) heat current Jg /e, and (b) negativity N (pss) as functions of k; /ey and § /ey, with k. = 0,
Th/eh = 0.7, TC/€h = 0.1, g/eh = 1.6 X 10_3, 'yh/eh = 103 and ’Yc/gh = 1.1 x 1072
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Fig. 3: Steady-state heat current Jg/e;, and negativity N(pss) as functions of /ey, with k. =0 and 0 /e, = 0.01. The

horizontal dashed curves mark the heat current and negativity respectively, for 6 = 0 and k; = k. = 0, for different values

of Ty/en. T./cp = 0.1, g/ep, = 1.6 x 1073, v3, /e, = 1072 and 7,./g;, = 1.1 x 1072

Critical heat current
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Fig. 4: Steady-state (a) heat current Jg/c;, and (b) negativity N(pss) as functions of x;/cj, and /ey, with k. = 0,
Th/éh = 0.7, TC/E-Ih = 0.1, g/sh = 1.6 X 10_3, ’yh/sh = 1073 and ’)/C/ah = 1.1 x 1072,
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Global master equation

For strong-inter-qubit coupling, we rely on a global master equation [2]

o) = =i [Hs + Hioe, p(0)] + D D %7 (2a) D | Lj (20| p(t) + 7} (ea) D |
ac{—,+}je{h.c} 9

- . (10)

(a) (b)
r-r— 1T+ r—rrr T T e e e e T e T ] 2.5_| T T T T T T T T T T T T
220 LT Thlen=0.25 - :
20¢ oo e Thley =028 of
18] * ] [
16} T
Jss/c 1.4F :
12}
10fmmmmmmmceececeecce e TS mmmm ST man ] Sr
0.8 ] 00: ! ! | _
0.00 0.01 0.02 0.03 0.04 0.05 0.15 0.20 0.25 0.30 0.35
0.00001 —————r———————r—+————+——+—————————  0.00001 — .
[ R ] [ ,
| : : o -
8.x1078 | ' : 4 8.x1078F
: ‘ : o - ,
6.x10-6 | Y i L1 6.x10°8} | S
r ) | | ] I 1 4
N [ ' i L L
(pSS) 4.x10—6_ 1 I T 4.)‘(10_6_ :
1 ] [ i
I ] E
N i ] 1 - |
2.x1078 : ' 2.x1070 !
I ‘ . ] I
i Tt~ v L
DOOOOO | - | L | | | PR | L L | L — - ! ODOOOO il L o] e bt = ™ L 1 1 | L 1 1 | L 1 | L
0.00 0.01 0.02 0.03 0.04 0.05 0.15 0.20 0.25 0.30 0.35
/ey Th/en

Fig. 5: (a)Steady-state negativity N (p&) as functions of temperature T}, for T,/ = 0.01, 7, /e = 0.01, ¢ = 1 and
different values of g.

(b) N (&) as a function of g, with T../e = 0.01, 7;,/e = 0.01, ¢ = 1 and different values of .. The value of T}, is

optimised to give the maximum negativity.

Conclusions

e To find non-zero entanglement in the steady state, there exists a critical steady-
state heat current which needs to be maintained.

e There is a critical heat current in both global and local approaches to the master
equation.

e Strong inter-qubit coupling is not superior to weak-inter qubit coupling and in-
volves the problem of entanglement at thermal equilibrium.
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