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Introduction to quantum refrigerator and working principle

• Quantum thermal machine. Working substance is quantum object.

• Small self-contained quantum refrigerator. Each subsystem has a
few quantum levels.
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Introduction to quantum refrigerator and working principle

At t = 0,
TC ≤ TR ≤ TH We take, TC = TR = Tr

ρ0 = ρC0 ⊗ ρR0 ⊗ ρH0 ρi0 = ri |0〉 〈0|+ (1− ri) |1〉 〈1|
ri =

1

1 + e−Ei/Ti
, i = C,R,H

Hloc =
1

2

∑
Eiσ

z
i ,
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Introduction to quantum refrigerator and working principle

Inter-qubit interaction : Hint = g(|010〉 〈101|+ |101〉 〈010|)

Q: Why this particular form?

Suppose initially there are only C and R.

Assumption : ER > EC , rR > rC

cooling of qubit C requires: TS
c < Tr ⇒ rSC > rC

We have to increase rC by transfering excitations from C to R.

With time, rC should increase and rR should decrease.

Initially, (1− rC)rR > rC(1− rR)

Probability of |10〉 > Probability of |01〉

• Apply an unitary operation U : |10〉 → |01〉
Extra work (ER − EC) performed by the external system.
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• Self-contained quantum refrigerator : works without any
external control or source of work.

Introduce third qubit H such that EH = ER − EC

|010〉 ←→ |101〉 is energy conserving.

To cool qubit C, |101〉 −→ |010〉

Choose TH > Tr,

Probability of |101〉 > Probability of |010〉
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Introduction to quantum refrigerator and working principle

Master equation:

∂ρ(t)

∂t
= − i

~
[Hloc +Hint, ρ(t)] + Φ(ρ(t))

Φ(ρ) depends on nature of reservoir, & interaction between qubits
& reservoirs.
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A thermalization model : Reset model

Reset Model : with prob pi (pi � Ei) per unit time, each qubit
reset to initial thermal state.

Φ(ρ) =
∑3

i=1 pi(ρ
i
0 ⊗ Triρ(t)− ρ(t))

g � Ei

TC(t) = −EC/ ln

(
1− rC(t)

rC(t)

)
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Cooling in Reset model

• Steady state temperature TS
C obtained by solving

∂ρ(t)

∂t
= 0

• Cooling in steady state observed (TS
C < TC). (N. Linden, S. Popescu, P.

Skrzypczyk, PRL 105,130401)
• TS

C decreases with increasing pR & pH , & decreasing pC .
• When g > pi’s, a temperature lower than steady state temperature TS

C

achieved in a very short time. (J. B. Brask, N. Brunner, PRE, 92, 062101)

EC = 1, EH = 100
TC = TR = 1, TH = 100
g = 5 × 10−3, pC = pH =

10−5, pR = 10−3

• This minimum temperature
Tmin is roughly independent
of the pi’s.
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Necessarily transient cooling in Reset model

Necessarily transient cooling : No cooling in steady state, still
a significant cooling in transient regime.

Canonical Interaction Parameters:

pC = 10−x, pR = 10−(x+y), pH = 10−(x−y), x, y > 0

EC = 1, ER = 101, EH = 100
TC = TR = 1, TH = 100

x = 3.5, y = 2.5

• TC decreases with time and
after attaining a minimum
temperature at a very short
time, it starts to increase. The
steady state temperature
TS
C ≈ TC
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Necessarily transient cooling in Reset model

TS
1 : Steady state temp. of C, δ : TC − TS

1

Tmin = minTC
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Necessarily transient cooling in Reset model

Observations
• In a large area of this region, TS

1 is very near or equal to the initial
temperature T1
• So, the steady state cooling δ is negligible in those areas.
• Tmin has low value in those regions.
• TC without SSC is rich in the first quadrant R of x− y space.
• With increasing g, area of such region in R increases.
• With increasing g, Tmin decreases.
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A more realistic model of thermalization

Memoryless qubit-bath inetraction : Each qubit in contact with a
collection of harmonic oscillators.

Bath hamiltonian:

Hb =
3∑

i=1

~ωi,kb
†
i,kbi,k

Bath-qubit interaction:

Hsb =

3∑
i=1

Ai ⊗ χi

Ai = σxi : Lindblad operator,

χi =
∑3

i=1(ηi,kbi,k + η∗i,kb
†
i,k): Collective bath co-ordinates
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A more realistic model of thermalization

Htotal = Hlocal +Hint +Hb +Hsb , g & Ei

Φ(ρ) =
∑

i,w γi(ω)ϕω
i (ρ)

γi(ω) =

{
Ji(ω)(1 + f(ω, βi)), ω > 0.

Ji(|ω|)f(|ω|, βi), ω < 0.
(1)

Ji(ω) = αiω exp(−ω/Ω): Spectral function of the bath

f(ω, β) = (exp(~βω)− 1)−1 : Bose-Einstein distribution

ϕω
i (ρ) = Lωi ρL

ω†
i −

1

2
Lω†i Lωi , ρ
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A more realistic model of thermalization

Canonical Interaction Parameters:
αC = 10−x, αR = 10−(x+y), αH = 10−(x−y)

EC = 1, ER = 2, EH = 1
TC = TR = 1, TH = 2
x = 4, y = 1, g = 10−2

• For low values of g, TS
C is lower than

TC but with increasing g, TS
C

increases and eventually crosses TC .

• Minimum temperature however
lower than TC , and obtained at a
significantly low time.
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Harmonic oscillator bath model of thermalization

• Steady state heating takes place all over the parameter space. So,
transient cooling is the only option to cool.

• The minimum temperature obtained remains almost same over the
entire region, variation occuring in the fourth decimal place.

• Necessary transient cooling is generic: occurs irrespective of
thermalization model.
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Outline

• Introduction to quantum refrigerator and its working principle

• A thermalization model: Reset model

Cooling in Reset model

Necessarily transient cooling in Reset model

• A more realistic model of thermalization

• Info-theoretic aspects of necessarily transient cooling

• Remarks
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Info-theoretic aspects of Necessarily transient cooling

Behavior of logarithmic negativity

Figure : for Reset model

EC = 1, ER = 101, EH = 100
TC = TR = 1, TH = 100
x = 3.5, y = 2.5, g = 10−2

• Throughout the region R, LN is
considerably low or zero.

• The maximum value LNm is higher
in the region where Tmin is lower.

• The ordering between LNm
1:23 and

LNm
3:12 remains unchanged but that

between LNm
1:23 and LNm

2:13 is
reversed in parts of R.

• LNm decreases with decreasing g.

In the realistic model, no bi-partition
entanglement arises for any set of
(x, y) for all t > 0
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Information theoretic aspects of Necessarily transient
cooling

Behavior of Quantum Discord

Figure : for Reset model

EC = 1, ER = 101, EH = 100
TC = TR = 1, TH = 100
x = 3.5, y = 2.5, g = 10−2

• In contrast to LN, QD decreases
slowly with time.

• The maximum value QDm is higher
in the region where Tmin is lower.

• Unlike LNm, the ordering between
QDm

1:23, QDm
3:12 and QDm

2:13 remains
unchanged throughout R.

• For fixed bi-partition, value of QDm

is higher than the corresponding
value of LNm.
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Information theoretic aspects of Necessarily transient
cooling

Behavior of Quantum Discord

Figure : for the realistic model

EC = 1, ER = 101, EH = 100
TC = TR = 1, TH = 100
x = 3.5, y = 2.5, g = 0.01

• QD is oscillatory at small values of t
which dies out with increasing t.
Maximum value is reached in the
steady state.

• Takes long time to stabilize: time
taken to attain steady state >
large-time scale we considered.

• Higher values of QD is observed in
low x and high y regions.

• With increasing g, the higher values
of QD are found in high x and low y
regions.

• Unlike LN, QD negligible or zero in
regions where Tmin has low value.
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Remarks

• A self-contained quantum refrigerator where a transient cooling without steady
state cooling is obtained.

• Canonical form of interaction parameters facilitates analysis of necessarily
transient cooling.

• Phenomenon generic and independent of specific thermalization model.

• In case of the realistic model, transient cooling is even more pertinent as
steady state heating occurs.

• Lowest attainable temperature freezes (remains unchanged) wrt system
parameters in realistic model.
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Thank You !
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