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We study the phenomenon of absorption refrigeration, where refrigeration is achieved by heating instead
of work, in two different setups: a minimal set up based on coupled qubits and two nonlinearly coupled
resonators. Considering ZZ interaction between the two qubits, we outline the basic ingredients required to
achieve cooling. Using local as well as global master equations, we observe that inclusion of an XX type term
in the qubit-qubit coupling is detrimental to cooling. We compare the cooling effect obtained in the qubit case
with that of nonlinearly coupled resonators (multilevel system) where the ZZ interaction translates to a Kerr-type
nonlinearity. For small to intermediate strengths of nonlinearity, we observe that multilevel quantum systems,
for example qutrits, give better cooling effect compared to the qubits. Using Keldysh nonequilibrium Green’s
function formalism, we go beyond first order sequential tunneling processes and study the effect of higher order
processes on refrigeration. We find a reduced cooling effect compared to the master equation calculations.
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I. INTRODUCTION

Minimal heat engines and refrigerators based on quantum
systems offer the prospect for future thermal devices. Un-
derstanding thermal transport in quantum systems along with
subsequent realization of corresponding thermal devices has
been the focus of intense research for some time [1-12]. This
effort has been further fueled by experimental advancement
[13-21] in the field giving new insights about heat flow in
quantum thermal devices.

In this paper, we will focus on absorption refrigeration
in minimal quantum setups. Absorption refrigeration refers
to the phenomenon of cooling a cold bath by maintaining a
thermal bias across other two baths, see Fig. 1. Intriguingly,
the refrigeration process is driven by heating the hot bath.
The phenomenon has been studied theoretically in a variety of
setups ranging from quantum dots [9,22,23], electronic cav-
ities [24,25], superconducting systems [26,27], and trapped
ions [28] to qubits [29-39] and resonators [37,40]. However,
to our knowledge, the only experimental work on absorption
refrigeration was done in Ref. [28] for the case of trapped ions.

The absorption refrigerators based on two-body interac-
tions are studied both for electronic [22] and bosonic systems
[29,37]. The smallest possible two-body refrigerator proposed
by Linde et al. in Ref. [29] consisted of a coupled qubit-qutrit
system. Recently, it was noticed that refrigeration can also
be achieved with anisotropically coupled qubits [37]. In this
paper, we demonstrate that the absorption refrigeration can be
obtained in a simpler setup, namely a qubit-qubit system with
ZZ coupling. Notably, ZZ coupling between two qubits has
been experimentally realized in circuits ranging from qubits
based on quantum dots to Josephson junctions [41,42]. An
electronic version of our setup based on Coulomb coupled
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quantum dots was studied in Ref. [22]. However, a natural
question arises regarding if the setup based on qubits is the
best refrigerator. We will address this question by investigat-
ing refrigeration in nonlinearly coupled resonators (multilevel
system).

To obtain absorption refrigeration in small setups, selective
transport is the key. There are different ways to introduce
selective transport—one of the main approaches which we
will consider in this paper is to introduce energy filters in
the contact region [22,24,43]. Most of the previous works on
quantum absorption refrigeration are based on single photon
transition (sequential) processes with a sharp energy require-
ment. In this regime, suitable engineering of the device can
lead to highly selective transport. But higher order processes
which include two or more photons can decrease the effective-
ness of selective transport by broadening the energy window
for transport. These processes become more important when
the system-bath coupling is not weak enough. Seemingly, the
effect of higher order processes on absorption refrigeration
calls for research.

The paper is organized as follows. In the next section,
we will propose a model for obtaining absorption refriger-
ation based on coupled qubits or resonators. In Sec. III, we
will present a detailed study of absorption refrigerators based
on two qubits with ZZ coupling. In Sec. III B, we further
our investigation by considering a more generic qubit-qubit
coupling condition. Particularly, we take XX as well as ZZ
coupling between the qubits and use both local as well as
global master equation to study the dynamics. In Sec. 1V,
we will study absorption refrigeration in two nonlinearly cou-
pled resonators. We will also compare the cooling effects
in the aforementioned two setups. Finally in Sec. IV B, we

©2021 American Physical Society
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FIG. 1. Schematic representation of the setup. The two systems
S1 and S2 can either be qubits or resonators. The system S1 is
connected to two baths L and R which are kept at temperatures 7; and
Tk whereas the system S2 is coupled to the bath C which is kept at
temperature ¢, such that 7, > Tx > T¢. The baths have Lorentzian
spectral density as defined in Eq. (3).

will use the Keldysh nonequilibrium Green’s function formal-
ism to study absorption refrigeration in the case of coupled
resonators going beyond first order sequential tunneling pro-
cesses.

II. MODEL

The setup under investigation, depicted in Fig. 1, consists
of two coupled systems, namely S; and S,. The system S
is attached to two baths: One of them is kept at temperature
Ty = T + AT and the other one at temperature 7. The system
S> has only one bath attached to it which is kept at a colder
temperature Tc. The total Hamiltonian for the setup is given
by

H = Hs + Hp + Hc, ey

where Hg represents the Hamiltonian for the system. We shall
consider two different types of systems: (1) coupled qubits
(Q) and (2) nonlinearly coupled resonators (R). Further, we
consider bosonic baths (B) with Hamiltonian

Hy =) €rablybia: )
k,a

where €, is the energy of mode k of bath «. bko,(bza) are
the annihilation (creation) operators for bath «. The contact
Hamiltonian (H¢) depends on whether the system is taken
to be a qubit or a resonator. It has been observed in several
previous works that energy filtering plays a significant role
in achieving refrigeration [22,24,43]. For that purpose, we
take a harmonic resonator between the baths and the system
which helps in energy filtering. The coupling strength between
the bath n and the resonator is taken to be y;, and the one
between the resonator and the system as I',. The frequency
of the resonator attached to the bath 5 is €2,//. We consider

I';; < ¥y, such that the bath resonator acts as an effective bath
with a Lorentzian-type spectral density

Fn(w)
(0= Q)2 +T2(w)

Ky (w) = 3

where n =L, R, Cand I')(w) = I',wO(w — €.), € being the
cutoff frequency. The energy filters allow photons with energy
equal or close to the resonant energy of the resonator to pass
from the system to the baths and vice versa. The energy
window available for transport is determined by the width
of the Lorentzian given by the system-bath coupling strength
(I'y(w)). Hence, the degree of filtering depends on the system-
bath coupling strength as well as the details of the system.
When the system is discrete and the adjacent levels are well
separated, the filtering effect is strong provided system-bath
coupling is weak enough. The filters become less efficient
when more than one level exists within the energy window
provided by the system-bath coupling strength and vanishes
for systems with continuous degrees of freedom.

III. MINIMAL ABSORPTION REFRIGERATOR WITH
TWO QUBITS

In this section, we will present a minimal model for the
absorption refrigerator based on a coupled qubit system. We
consider the setup of Fig. 1, where we will take a qubit
(Q1) as system S1 and another qubit (Q2) as system S2. The
Hamiltonian for the coupled qubit system is given by

Hy= " €tm+ €amtaa + Aty +112),  (4)
n=0.1,2

where the projection operator on the system states 7, =
|m)(m|, m represents different possible states of the coupled
qubit system: O when both the qubits are in the ground state,
1 when Q1 is in the excited state, 2 when Q2 is in the excited
state, and d when both the qubits are in the excited state. €, is
the energy associated with the corresponding state n. For the
sake of simplicity, we consider €y = 0. In the presence of ZZ
interaction between the two qubits, €¢; = €; 4+ €, + A, where
A, gives the strength of ZZ interaction. Finally, the last term
on the right hand side gives the XX interaction between the
two qubits. The contact Hamiltonian is given by

He =) Via(mor + 7z + Hc.)(bra + bl,,)
k,a

+ Vie(mor + a1 + Hee)(bre + b, )

where o = L, R. The baths are bosonic baths as given in
Eq. (2). Moreover, we shall consider Lorentzian spectral den-
sity for the baths as given in Eq. (3). We shall use both
the local and global master equations to study the energy
dynamics (see Appendix A for details). Although for the sake
of completeness, we keep both rotating and counter-rotating
terms in the contact Hamiltonian; the master equation takes
into account only the contributions coming from the rotating
terms.
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A. ZZ coupling

In this section, we will discuss the mechanism as well
as the necessary conditions to cool the coldest bath in the
absence of XX coupling (A, = 0). We can describe the state
of the coupled qubit system by assigning probabilities to
different states. Hence, we assign po, p1, p2, pa for the states
0, 1,2, d, respectively. In order to calculate the master equa-
tion, we need to define different possible transition rates.
We consider weak system-bath coupling such that only one
photon process is allowed. Let I';,, = ), I be the total
transition rate from state / to state m corresponding to all
possible baths «. The transition rates can be broadly catego-
rized into outgoing rates (transitions which take one of the
qubits to the ground state) and incoming rates (transitions
which take one of the qubits to the excited state). The outgoing
and incoming transition rates corresponding to the same qubit
states and same bath satisfy detailed balance equation. For
instance,

r (0)

lmut

(61 Em)/kBTar'([l) ©)
mil,x

gives the relation between the outgoing (o) rate I';,, , and the
incoming (i) rate Iy o.

The steady state probabilities for different states can be
obtained using the master equation formulation. Once the
steady state probabilities are known, calculating heat current
flowing out of bath C is straightforward (see Appendix A3
for details). The heat current flowing out of bath C can be
expressed as

Jc =& (Toz,cpo — Mo.cp2)
+ (&2 + A)(Tig,cpt — Tarcpa)- @)

Using the detailed balance equation, along with the proba-
bilities obtained from the master equations, we obtain the
following condition for cooling

eﬂcéz (eﬂRﬂ FIO,L + eﬂLél FIO,R)

% E ePeca FZd,a

a=L,R

> Baler+Beea)
> ga-LR

Ciol2a, ()

where €, = €, — €,, and B, = [kgT,]~'. A similar condition
for cooling was obtained in Ref. [22] for the case of Coulomb
coupled quantum dots. Using the above condition, we observe
that Jc is a decreasing function of I'jo g and I'y4 1. Choosing
the optimal condition, i.e., I'jor = I'24.. = 0, the condition
for cooling reduces to

Bcer + Brear > PBeear + PLer. )

Under the weak coupling approximation, I'jopr = Iy & 0
can be obtained by taking a Lorentzian-type spectral density
as expressed in Eq. (3) with @ = €¢; and Qr = €; + A,, and
A, is the energy gain/loss. Taking symmetric thermal bias
Ti)c =T £ AT, the condition for cooling reduces to a very
simple relation given by

BcA; < BLer. (10)

In terms of the Boltzmann factor for systems in equilibrium,
Eq. (10) becomes p(A;) > pyi(er), where pyl(e) = e Pr€ is
the Boltzmann factor for the qubit kept in contact with bath n
where € gives the energy gap of the qubit. Hence, refrigeration

(a) (b) Tn

~ I"]
=

(c) (d)

~ I'*]
=

@*M@ W*@

() = ()

|d)

FIG. 2. Cartoon for the cooling mechanism: (a) the system is in
the ground state |0), (b) Q1 goes to the excited state when a photon
enters from the left (L) bath taking the system to state |1), (c) Q2 goes
to the excited state by absorbing an amount of energy €, + A, from
bath C, (d) Q1 goes to the ground by emitting a photon and finally
Q2 goes to the ground state by emitting a photon with energy €, (not
shown in the figure). Once this cycle |0) — |1) — |d) — [2) — |0)
is completed, the bath C loses an amount of energy equal to A,.

can be achieved if the Boltzmann factor associated with a
qubit of gap A, and attached to the coldest bath is larger than
the Boltzmann factor of a qubit with gap €; kept in contact
with the hottest bath.

In light of the above derived condition for refrigeration, we
argue that the process of refrigeration follows the following
steps [22] (see Fig. 2): (1) Initially both Q1 and Q2 are in
the ground state. Q1 goes to the excite state 1 when a photon
enters from one of the baths (L or R). (2) Q2 goes to the
excited state absorbing energy €, + A, from the bath C (the
system goes to state d). (3) Q1 goes to the ground state by
emitting a photon (the system goes to state 2), and (4) Q2
emits a photon with energy €, and both qubits are back to the
ground state. Each time the cooling cycle is completed, bath C
loses an amount of energy equal to A,. There is an alternative
cycle which begins with the excitation of Q2 and leads to the
dissipation of heat into the cold bath C. We make the cooling
cycle dominant by suitably engineering the energy filters.
Similar cycles were considered to study Coulomb drag [43]
as well as thermal drag [44] in Coulomb coupled electronic
systems.

In the following, we study the order dependence of the heat
current flowing out of bath C as a function of A,. We observe
that the heat current Jc is second order in A, and it takes a
simple form when expanded over both AT and A,. We obtain
from Eq. (7),

—2/MTK(e)K (e + A)(—1 + e/BT)y AT A2
(1+e/MT (K (e + A;) + K(e)e/T) k3T’
(1

where we assumed € =¢; =€ and Kp(e) = Kr(e) =
Kc(e) = K(¢). In Fig. 3, we plot the heat current flowing
out of the bath C as a function of thermal bias AT. The
system-bath coupling strengths are chosen small enough to

Jo =
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FIG. 3. Heat current flowing out of the bath C as a function
of AT using Eq. (7). Parameters: I'L = 0.02, I'r =0.08, I'c =
0.06, €, = 2kgT, €; =2kgT, Q. =€, Qr =€+ A, Qc =€, +
ATr=T,T, =T +AT,Te =T — AT, ec = 20kgT.

be well within the weak coupling regime. The positions of
the Lorentzians [in the definition of K,(¢)] are chosen so
as to maximize the cooling effect. For the set of parameters
considered, we observe cooling in the entire range of thermal
bias with a maximum around AT ~ 0.3T. Note that positive
values of Jc imply that the heat is flowing out of bath C, i.e.,
bath C is being cooled. We further observe that the magnitude
of cooling depends on the value of A;. When plotted as a
function of A, the heat current shows a maximum at some
intermediate values before going to zero for very large values
of A, (not shown in the figure).

In Fig. 4, we plot the heat current as a function of €;. We
show that the heat is dissipated into the bath C (heating) when
€1 < 0 whereas for €; > 0 heat gets extracted from bath C
(refrigeration). Hence the direction of heat flow in the lower
circuit can be tuned by suitably changing the energy of the
upper qubit.
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FIG. 4. Heat current flowing into the bath C as a function of €,
using Eq. (7). Parameters: A, = 0.1, I'L =0.02, I'r =0.08, ['c =
006, QL:6|, QR:6| +Az, QC:€2+AZ, TR:T, TL:T+
AT, Tc =T — AT, AT =0.3T, ¢c = 10kgT . In the blue shaded
region, the bath C gets cooled whereas in the red shaded region it
gets heated.
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FIG. 5. Heat current flowing out of the bath C as a function
of A,. Upper panel is for the local master equation case whereas
the lower panel is for the global master equation case. Parame-
ters: FL = 002, FR = 008, FC = 006, €] = ZkBT, €) = 21kBT,
Qszl, QR:€| +AZ7 Qc:62+Az, TR:T, TL:T+AT,
Tce =T — AT, AT =0.1T, ec = 10kgT.

B. General case: Global master equation
vs local master equation

In the presence of XX coupling, the derivation of the
master equation in the diagonalized basis naturally leads to
the global master equation whereas the local master equation
follows from the approach which neglects the presence of XX
coupling when computing the effects of the baths. Recently,
the range of validity of local and global master equation has
received much attention, especially regarding the consistency
with the thermodynamic principles in the case of local master
equation. It has been observed that the local master equation
is a valid approximation only when the XX coupling between
the two qubits is sufficiently small. However, the global mas-
ter equation followed by a secular approximation is better
suited for intermediate and large values of A, [45,46].

We study absorption refrigeration using both local and
global master equations. In Fig. 5, we plot the heat current
flowing out of bath C as a function of A, for a range of values
of A,—in the upper panel we use the local master equation
whereas in the lower panel we use the global master equation
(see Appendix A for details). In both cases, we observe that
the XX coupling between the two qubits is detrimental to the
cooling effect. However, local master equation predicts that
the cooling is not reduced as drastically as predicted by the
global master equation for small values of A,. In particular for
A, = 0.002kgT (black dashed curves in both panels), global
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R2

FIG. 6. The model for absorption refrigerator based on two non-
linearly coupled resonators.

master equation predicts heating of the cold bath C (note
that negative heat current means positive heat flowing into
the bath) for A, < 0.2kgT whereas the local master equation
gives a cooling effect in that parameter regime. As mentioned
previously, in the regime of interest, i.e., for small values of
A, the local master equation is better suited to describe the
dynamics.

IV. ABSORPTION REFRIGERATOR: TWO COUPLED
NONLINEAR RESONATORS

In this section, we investigate absorption refrigeration in
nonlinearly coupled resonators. As shown in Fig. 6, the setup

J

consists of two resonators R1 and R2 nonlinearly coupled to
each other. As in the previous section, the upper resonator
R1 is attached to two baths: one of them is kept at relatively
higher temperature whereas the lower resonator R2 is attached
to the coldest bath. The system Hamiltonian is

Hg = elaJ{al + eza;az + AZaJ{ala;ag, (12)

where €;/h is the frequency of the resonator i and A, is
the parameter determining the strength of nonlinearity. We
consider bosonic baths as defined in Eq. (2) and the coupling
Hamiltonian takes the following form

He= Y Vigalb+ Y _ Vicatbic +He,  (13)
k,a=L,R k

where we neglected the counter-rotating terms. The counter-
rotating terms do not give significant effects in the weak
coupling regime. In this section, we will study heat trans-
port using two different formulations: (1) master equation
technique and (2) Keldysh nonequilibrium Green’s function
formalism.

A. Master equation calculations

We start our analysis of the coupled resonator system from
the weak system-bath coupling regime. In this regime, the dy-
namics can be studied perturbatively in terms of system-bath
coupling H¢. Up to the leading order sequential contribution
(Born approximation), Linblad formulation can be used to
obtain the master equation for the reduced system density
matrix, provided dynamics of the baths is fast compared to the
system dynamics (Markov approximation). The heat transport
is carried out by sequential tunneling processes where all
possible single photon processes [both incoming (absorption)
and outgoing (emission)] are taken into account. The details
of the calculation are presented in Appendix B. The master
equation in the photon number basis reads

Pnymy, = —[(C1(n1, n2) + D1(n1, n2) + Cy(n1, n2) + Da(n1, 12)) 0ny i, — C1(n1 — 1, 02) 0, —1,,
—Di(ny + 1, m2)py 1,0, — Co(n1, 12 — 1) oy po—1 — Doy, 12 + 1) 0p py411, (14)

where the incoming transition rates that brings the system
into the final state (n; + 1, ny) and (ny, n, + 1) from the state
(n1, nyp) are, respectively, given by

Ci(ni,m) =2 Y (m+ DFu(@1m),
a=L,R

Co(ny, ny) = 2(ny + 1) Fe(@2,4,) (15)

and the outgoing transition rates that leads the system out of
the state (n;, ny) are given by

Di(ni,m) = Y 2mGa(@1n,),

a=L,R

Dy (ny, ny) = 2myGc (@2, ), (16)

{
where &) ,, = €1 + A no, @2, = €2 + A;ny and

Fo(@) = 1K, (@)n, (&)

Gy(@) = 3Ky (@)(1 + ny(@)), (17)

where n, (@) is the Bose-Einstein distribution for bath 7. Sim-
ilarly, the heat current flowing out of the bath C can be written
as

Jo = Tr[HsLcp], (18)

where L is the part of the Lindbladian associated with the
bath C given by

[Lcplnn = — (Ca(ny, no) + Da(ny, 12))on, 0,y
+ Cy(ny, np — l)pm,nzfl
+ Do(ny, no + 1)pp nyt1- (19)
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FIG. 7. Heat current flowing out of the bath C as a function
of thermal bias, AT. Parameters: A, = 0.05kg7T, I'L = 0.02, I'r =
0.08, I'c =0.06, e =€) =kgT, Q. =€, QR =€+ A,, Qc =
62+Az, TRZT, TL=T+AT, TCZT—AT, €c = IOkBT Nl
and N, give the number of levels considered for R1 and R2, respec-
tively, for the numerical calculations.

Although the number of levels in each resonator ranges to
infinity, under the low temperature and weak coupling approx-
imation, only the few lower levels participate in transport. We
define N; as the number of levels we consider for the resonator
i while undergoing the trace in Eq. (18). Hence, N; = max(n;),
for i =1, 2. For instance, in the limit of Ny = N, = 2 the
coupled resonator system reduces to the coupled qubit system
with ZZ interaction studied in Sec. IIT A. In Fig. 7, we study
the effect of thermal bias on the heat current Jc. We compare
the cooling effect for different Ny, N,. In the parameter regime
considered, we observe that the multilevel systems (N, N, >
2) provide a stronger cooling effect compared to the coupled
qubit system (N;, N, = 2). For AT =~ 0.3T, the cooling ef-
fect is more than double in the resonator case (black dashed
curve) compared to the qubits (magenta curve). Reasonably,
the largest correction beyond the qubit limit comes from the
qutrit case (N;, N, = 3). However, the correction beyond the
qutrit limit is significant, although small.

As observed in Fig. 7, the major contribution to the heat
current Jc comes from the first three levels of each resonator.
In Fig. 8, we study heat current flowing out of bath C as
a function of A, for 2 < Ni, N, < 3. In all the cases, we
observe that heat current reaches a maximum before decreas-
ing monotonously. We will explain this behavior taking the
qubit-qubit case, i.e., N| = N, = 2 (magenta curve). As dis-
cussed in Sec. IIT A, cooling takes place when a photon leaves
bath C with an energy € + A, and enters with €. Although
for small values of A, (close to 0), there are many photons
that participate in transport, the amount of heat they carry
out of bath C is significantly small. With increasing A, the
amount of energy carried out of the bath C increases but at
the cost of a number of photons. For large enough values of
A, the thermal energy of bath C becomes insufficient to pro-
vide enough photons that could possibly excite the resonator,
which in turn leads to a decrease of heat current. Moreover,
for large values of A,, the state where both resonators are
excited becomes less probable which is crucial in achieving
the cooling effect. Similar reasoning can be given for the

0.005 1 ATTSN — N=Npy=2
PZEERENEN — M=% N=3
0.004 / N " Ni=3 Ny =2
. Ny=N,=3
= 0.003 1
C\IE‘ .
[]aa)
43
= 0.002 1
H
0.001 1
0.000 1
0.0 0.1 0.2 0.3 0.4
A, [ksT]

FIG. 8. Heat current flowing out of the bath C as a function of
A,. Parameters: ', = 0.02, I'r = 0.08, I'c = 0.06, ¢; = €; = kT,
QLIGI, QR=€|+AZ, QC=€2+AZ, TRIT, TL=T+AT,
Tce =T — AT, AT =0.3T, ec = 20. N, and N, give the number
of levels considered for R1 and R2, respectively, for the numerical
calculations.

multilevel case. In addition, we observe that for A, < 0.2kgT,
cooling is enhanced for N; = 3. This is because for small
values of A the resonator R2 can get excited either to the
energy state €, + A, or €; + 2A, depending on whether R1
is in the energy state €; or 2¢;, respectively. This creates an
extra channel for the refrigeration process giving enhanced
cooling effect. However for A, > 0.35kgT, the heat current
Jc becomes independent of N; as long as N; > 2. For large
values of A,, the excitation of R2 to states €, + 2A, and
2e; + 2A, becomes less probable. In addition, these processes
become energetically costly. Hence, only the first two levels of
R1 determine the transfer of heat in the bath C.

B. Nonequilibrium Green’s function calculations

In this section we will address the effect of higher order
terms corresponding to system-bath coupling on absorption
refrigeration. The amount of energy absorbed or emitted under
a first order sequential tunneling process is given by the differ-
ence of energy of initial and final states. A photon must have
this amount of energy to excite the qubit. This creates an ideal
situation for engineering energy filters. However, higher order
processes such as cotunneling can occur via virtual states even
if the photons do not have enough energy to excite the qubit.
These processes can destroy the filtering effect which are
designed taking only the sequential processes into account.
In this section, we will employ the Keldysh nonequilibrium
Green’s function to address the aforementioned scenario. We
define the retarded Green’s function for the system as

Gi(t,1") = —if(t — t'){[a;(t), a] (")) (20)

We use the equation of motion to obtain the following Dyson
equation for R2 in the mean field approximation

i0,Gh,(t, 1) =8(t —1') + €2Gh,(t, 1) + A (n1) G5 (1, 1)

+/dtl Tt 11)Ghy(t, ), 2n
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ny = a;fal, and the self energy due to coupling to bath C is
given by

Tt n) =Y Viclgieltr, 1), (22)
k

where (11, 1) = —if (1 — 12)([bac(t1), bi(1)]) is the re-
tarded Green’s function for the free bath. The heat current
flowing out of the bath C at time ¢ can be written as

d
Je(t) = - {Hp.c(1)). (23)

Using the Meir Wingreen approach, the heat current in the
steady state takes the final form given by [47]

d
Jo= / TelGHOE (O~ GO @] (24

where the lesser component of self energy X = —in, K (€)
and the greater component 2,7(6) = —iK,(e)(1 + n,(e)).
The existence of steady state in interacting open quantum
systems has been proved in Refs. [48,49]. G;i(e) and Gr(e)
are the Fourier transform of the greater and lesser Green’s
functions respectively defined through the relations

G(t.1') = —ilai()ay(t"))

Gjj(t. 1) = —ila}(t)ai(1)). (25)
They can be calculated using the following relation
G5,(€) = Ghp() S, 1 ()G, (), (26)
where the self-energy
S =X+ 55, @7)

The first term on the right hand side of Eq. (27) corresponds
to the self-energy due to tunneling whereas the second term
results from the inter-resonator nonlinearity [50]. The latter
self-energy can be broken down into two parts X;,; ; = Zp; +
%,c.i» where the first term is the Hartree contribution and the

second term is the exchange correlation part. Note that 23 ;=
0. Hence,
§ — § § a
Gyy(€) = Gap()(EC () + 2 ,(O))()G5,(e).  (28)

xc,2

The exchange correlation self-energy can be expressed as
[50-52]

B2 (1) = —AXG (1. 1)PE (2, 1), (29)
where PS(t,1') = G, (1, 1)G, (', 1) [50] (Fig. 9). We use
the mean field Green’s function to calculate the exchange
correlation self energy. Note that (n;) =i [de/ 21 G3i(€)
enters in the expression for retarded Green’s function. We
would solve the retarded and the lesser Green’s function self-
consistently. If we neglect the exchange correlation part of the
self energy, the heat current in Eq. (24) using Eq. (28) goes
to zero. The only nonzero contribution to the heat current J¢
comes from the exchange correlation part of the self energy.
We obtain

de r a > <
Je :/EEGz;z(f)Gz;z(e)[zxcl(e)zc ©

— T, (30)

t t

FIG. 9. Single bubble Feynman diagram for the exchange corre-
lation where j, k = 1, 2 depending on the resonator. Note that j # k.

Note that the mean field approximation is obtained by de-
coupling the equation of motion for the time-ordered Green’s
function at first order (see Appendix C for details). Al-
though the mean field approximation addresses the strong
system-bath coupling going beyond the sequential tunnel-
ing processes, it neglects tunneling processes resulting from
strong nonlinearity. These processes may contribute sig-
nificantly to the refrigeration process for strong enough
nonlinearity. Note that our calculations hold for small to
intermediate strength of nonlinearity [50]. In order to prop-
erly address both strong system-bath coupling and strong
nonlinearity, one would have to go beyond the mean-field
Hartree approximation [53] which is beyond the scope of
the present work. In this section, the temperature of the left
and the cold bath are taken as 7p, =T + AT and Tc =T,
respectively.

We observe no cooling effect when the nonlinearity is con-
sidered very weak, A, <« wI'y€;/, fore;, = 2kgT in contrast
to the master equation calculations (see Fig. 8). The presence
of cotunneling and higher order processes in the nonequilib-
rium Green’s function calculations destroys the cooling effect
in the weakly nonlinear regime. This further demonstrates the
importance of higher order terms such as cotunneling which
are often neglected in the literature. In Fig. 10, we plot the heat
current Jc as a function of AT for a couple of values of I'r. We
consider the strength of nonlinearity to be small enough such
that A, = 0.2kgT < €12, kgT. We observe a large decrease
in cooling effect when the coupling strength in the left con-
tact is increased from I', = 0.01 to I'k = 0.02 which is not
the case for the master equation calculation (see the inset).
In addition, the cooling obtained from the master equation
calculations is much larger compared to the nonequilibrium
Green’s function calculations. The reduction of cooling can
be due to two different factors: presence of cotunneling and
higher order process, and the mean field approximation which
neglects the tunneling processes resulting from strong non-
linearity. The heat current approaches a maximum at AT =~
0.15T forI'y = 0.02 and at AT ~ 0.7T for I'L = 0.01 before
decreasing monotonously for larger values of AT /T. The
observation of finite cooling effect proves the effectiveness of
the proposed models for absorption refrigerators.
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FIG. 10. Heat current flowing out of the bath C as a function of
AT for different values of I'i. using the nonequilibrium Green’s func-
tion calculations. In the inset, we present the results obtained using
the master equation calculations. Parameters: ['r = I'c = 0.02, ¢, =
ZkBT, € = 2kBT, QL =€y, QR =€ + Aza QC =€ + AZ! Az =
O.ZkBT, €c = 7kBT, TR = T, TL =T+ AT, and TC =T.

V. CONCLUSIONS

We presented a minimal model for two-body absorption
refrigerator based on two qubits coupled via ZZ coupling. We
derived the necessary conditions for cooling and also intro-
duced the cooling mechanism. We showed that other isotropic
couplings, namely XX and YY coupling, cannot produce a
cooling effect. Instead, they are detrimental to cooling. We
verified the above argument considering both local as well
as global master equations. In Sec. IV, we studied absorption
refrigeration in nonlinearly coupled resonators. We compared
the magnitude of refrigeration in the mentioned two setups.

J

Nonlinearly coupled resonators (multilevel system) were ob-
served to produce better cooling effects in a certain parameter
regime. We also studied the process of refrigeration in the
case of resonators using the Keldysh nonequilibrium Green’s
function formalism which holds for small to intermediate
values of nonlinearity. Particularly, we considered the mean
field Hartree approximation for the Green’s functions and took
exchange correlations into account for the self energy. Albeit
small we observed a finite cooling effect using the nonequi-
librium Green’s function formulation further validating the
effectiveness of our model as an absorption refrigerator. There
can be basically three reasons for such a reduction in cooling
effect: (1) the higher order processes in terms of system-bath
coupling broaden the energy window for transport, hence
reducing the cooling effect, (2) the higher order processes in
terms of nonlinearity are not properly addressed which might
have an impact on cooling, and (3) even a small broadening
of energy window can lead to drastic changes in the flow of
heat current in the lower circuit which is nonlocally coupled to
the upper circuit. However, the most interesting result is that
although we observe a cooling effect even for small values of
nonlinearity with master equation calculations, the nonequi-
librium Green’s function calculations give no cooling effect
for small A;. The nonequilibrium Green’s function calcula-
tions are exact for small values of nonlinearity. To conclude,
we find that the best regime to obtain absorption refrigeration
in multilevel quantum systems is the weak system-bath cou-
pling regime with intermediate to strong nonlinearity.
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APPENDIX A: MASTER EQUATION FOR COUPLED QUBIT SYSTEM

1. Global master equation

In order to derive the “global master equations” we diagonalize the system Hamiltonian in Eq. (4), such that

E,b 0 0 0
o E, 0 o0
Hs=1o 0o £ of (AD
0 0 0 E
where Ey/; = €p;4 and
1
E, =4 ;62 :I:E‘/(el — &)’ +4A2. (A2)
The contact Hamiltonian gets modified to
He =YY VigOpatl0){I] + A 10l) (OD(Bry + b],)
k,n =%
+ Y VigCoparld) (UL + Ky 1al A Biy + B, (A3)

k,n =%
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where n = L, R, C. We have

AL+ = AR0+ = —AC,0- = C080/2, (A4)
AL0— = AR0- = Ac,0+ = 8in6/2, (AS)
AL.d+ = AR+ = Aca— = sin6/2, (A6)

ALd— = ARd— = —Aca+ = —€0s0/2, (A7)

where 0 = tan"!'[2A, /(€] — €;)] and Anim = Ay mi. Following the calculations of Ref. [54], we obtain the following master
equation

P®_woo (A8)
dt
where
Po
p=["7] (A9)
Pd
and
— Y To I I, 0
T, -YX a0 Fas
W= Fo ”Zodd yr, r, . (A10)
0 I T Y T
n=-+,—
Different transition rates are given by
Lo = D 23 Py Enn) + Vo (Eum)), (A1)

n

where v, (E,m) = Ky (Epp)nyg(Eyy) and 7, (Eyp) = Ky (Epn)(1 + 1,y (E,,)). Note that K, (e) =0 for € < 0, so only one term
survives in the right hand side of Eq. (A11) depending on the choice made for the states m and n. The heat current flowing
out of bath C can be expressed as

Jo =Y [E((Corcpo — Twocpr) + (Ea — EN(Cra.cpr — Tarcpa)l. (A12)
=+

2. Local master equation

When the XX coupling term (A,) is very small compared to the system-bath coupling strength, a local master equation gives
a better description of the dynamics. In this case, it is considered that tunneling occurs locally in and out of individual qubits and
the energy required for tunneling is independent of A,. The density matrix satisfies a modified Liouville equation. In particular,
the diagonal terms of the density matrix satisfy

Ibnn = _i[HS’ P]nn - Z anpnn + Z anpmm’ (A13)
whereas the off-diagonal terms satisfy
. . 1
Pmn = _l[HSs ;O]mn - 5 ; [le + 1_‘nl]pmnv (A14)
where the transition rates are defined as
an = ?n(emn) + Vn(enm)v (A]S)
where 7 is the bath associated with the transition. For instance, let us consider the diagonal component p;; = p;. We have
dp .
ke —iA(p21 — p12) — [Tio+ Talpt + Toipo + Caipa. (Al6)
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Using the fact that in the steady state p,,, = 0 for all m, n, the component p;, can be expressed as

P> =l = [Ax(pl —p2) ’ (A17)
(61 —€) — 5T+ g + T+ T2g)
such that
dpi AT
== m(m —p1) — [T+ Twlpr + Toipo + Ta1pas (A18)
where I' = Mg + 'y + Ty + Ty Similarly
dps A%f‘
= = m(l’l = p2) — 20+ Taalp2 + Toapo + Lazpas (A19)
and
0= % = —(To1 + Fo2)po + Tiop1 + Taop2. (A20)

Along with the condition, py + p; + p» + ps = 1, one can solve the set of master equations. The heat current flowing out of
bath C for the case of local master equation can be expressed as

Jo = e(Toapo — Toopa) + (62 + A )(Tiapr — Taipa). (A21)

3. Master equations for A, =0

For A, = 0, both global and local master equations give the same result. We take the local master equations and substitute
A, = 0. For p;, we obtain

dpi
0= o = —[Tio + Tiglpt + Toipo + Tarpa- (A22)
Similarly
dp,
0= ke —[20 + T241p2 + Toapo + Ta2pas (A23)
and
dpo
0= ke —(To1 + To2)po + Tiop1 + Faopa- (A24)
The heat current flowing out of bath C for the case of local master equation can be expressed as
Jo = €(Lo2po — Top2) + (€2 + A)(T1apr — Larpa)- (A25)

APPENDIX B: MASTER EQUATION FOR NONLINEAR RESONATOR
We take the following Hamiltonian for the system
Hi=1® (ElaIal + 62a§a2 + AzaIala;ag), (B1)

where the unit operator 1 represents the bath Hilbert space. The energy eigenvalues can be written in terms of number operators
(which commute with the Hamiltonian), £ = €|N| + €,N, + A, N|N,. The contact Hamiltonian can be similarly written as a
tensor product between system and bath degrees of freedom

He=7) B.®A, = ) Vibl,®a1+) Vicbjo ®ai+He., (B2)
n k,a=L,R k

where A, gives the system degrees of freedom and B,, the bath degrees of freedom such that

A =a By =b},,
Ay =dl B, = by
As = a By = b,
Ay =ad] By = b
As=a, Bs=b,
Ag = a} Bs = bic- (B3)
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Further,
da; . .
— = —l€1a; — lAZNQal,
drt
+
A _ ieal + AN,
dt '
day ) .
— = —ieyay — iA;Niay,
dt
da) -
—2 —ieyal + iANya) (B4)
dt 2% %

We can write
Al (r) = Al (1) = e 7,
A (r) = Al (1) = ¢™7d]
Al(r) = e7™7q,
Al(r) = ™7 al, (B5)

where @1 = €; + A,;N, and @, = €; + A,N;. After some calculations, we obtain [55]
o0
plt) = — f dt[Cia(D)[A1, AF(—=T)p(®)] + Ca (D) [p(DAT (—1), A1 ] + Cor (T)[ A2, AT (= 1)p(1)]
0

+ Cio(—D)[p(ATH(=7), A2 ] + Cau(T)[A3, A (—=D)p(1)] + Cas(—D)[p(DA (1), A3] + Cia(1)[As, AT (—7)p(1)]

+ Ca(—D)[ (AT (1), Ag] + Cse(T)[As, AL (=T)p(1)] + Cos(—T) [ p(DAL (=), As] + Cos(T)[As, A (—T)p(1)]

+ Cso(—T)[p(1)AZ (= 1), Ag] ] (B6)
where Cop(7) = Tr[B,(7)Bg]. We took the only combinations for o and 8 that give C,g # 0. We defined

Tup(e) = /0 Cap(T)e™, (B7)

and
o0 .~
l":ﬂ(&)):/ dtCyp(—1)e ™", (B8)
0

Since the contact Hamiltonian is Hermitian, we have Cyg(—7) = C; P (7). Further, we have the following relation

o]

Tap(@) + Tl p(w) = / dtCpp(T)e™". (B9)

The real part of I"’s give the dissipative contribution whereas the imaginary part gives the Lamb shift. Substituting Eqs. (B7) and
(B8) in Eq. (B6) we obtain

p = — [lar, Tia(=@1)a p()] + [p(O)T3, (@1)a), arl + [a], Tor(@1)ai p(t)] + [p()T 5y (—@))ay, al]
+ [a1, Taa(—=@1)a] p()] + [T (@1)al, a1l + [a], Taz(@1)arp()] + [p(t)TE(—d1)ay, a]]
+ [az, Tse(—@1)d) p()] + [p()T s (@2)ah, axl + [a), Tes(@1)azp()] + [p(t )i (—@a)az, ab]l. (B10)

Keeping only the dissipative contributions, we can write the above expression as

p=— Y lla, Fal@)a]p(")] + [p()Gu(@1)a}, ar] + [a], Gu(@1)ar p(t)] + [p(1) Fu(@1)ar, a}l]

a=L,R
— [[az, Fe(@r)abp()] + [p(t)Gc(@2)ah, ax] + [ab, Ge(@2)ar ()] + [p(t)Fe(@r)az, ajll, (B11)
where
FL(@) = Re[['12(—®)] = Re[[},(—®)] = 1KL(&)nL (&)
GL(@) = Re[T'},(@)] = Re[[21(@)] = 5KL(@)(1 + nL(®)),
Fr(@) = Re[T34(—@)] = Re[I"},(—@)] = 3K (&)nr (»)
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Gr(®) = Re[[}3(®)] = Re[[43(@)] = $Kr(@)(1 + ng(@)),
Fe(®) = Re[['se(—d)] = Re[T%(—@)] = 1Kc(@)nc(®)
Gc(@) = Re[I'is(®)] = Re[Tes(@)] = 1Kc(@)(1 + nc(d)), (B12)

where K, (w) and n, (@) are, respectively, the spectral density and the distribution function for the bath . After some calculations
we obtain

pnlnz =-2 Z [(111 + 1)]:01(5)1,)12 ))Onl,nz - nlfa(a)l,nz)pnlfl,nz + ana(&)l,nz)pnl,n: - (nl + I)Ga(&)l,nz)pnl+1,n2]
a=L,R

- 2[("2 + 1)-FC(6)2,111 )pnl,nz - nZ‘FC(G)Z,nl )pnl,nz—l + HZGC(G)an )pnl,nz - (nZ + 1)GC(Cb2,n1 )pnl,n2+1]a (B13)

where @1, = €1 + A ny and @, ,, = €2 + A ny. Defining

Ci(n,m) =2 (i + DFy(@1,),

Cy(ny, no) = 2(ny + 1) Fc(@2,n,)
Di(n1,m) =2 1 Ga(@1,),

Ds(ny, no) = 2n2Gc(@2,n)) (B14)
we obtain
Py, = — [(Ci(ny, n2) + Di(ny, no) + Co(ny, 1) + Da(ny, 12)) o, 0, — C1(n1 — 1, 12) 04, —1,0, — D1(n1 + 1, n2)
X Pn+1,m — Ca(nl, ny — 1)y, ny—1 — Da(nl, np + 1) ppy ny411- (B15)

Hence we derived the master equation for coupled resonators. Similarly, the heat current flowing into the bath C can be written
as

Jo = —Tr[HsLcpl, (B16)
where L is the part of the Lindbladian associated with the bath C given by
[Lcplnnm = — [(Ca(nr, n2) + Da(ny, n2)) pny ny, — Co(na, o — 1)pny ny—1 — Dalnr, na + 1) gy ny411- (B17)

APPENDIX C: TWO COUPLED NONLINEAR RESONATORS: DYSON EQUATION IN THE MEAN FIELD APPROXIMATION
We define the time-ordered Green’s function for the coupled resonator system as
Giij(t.1') = —i(Tai(t)a(t"). (C1)
Using the equation of motion, we obtain
i0,Gi;(t,1') = —i(T[a,-(t), H(t)]a';(t/)) +8;;6(t —1'), (C2)
where i, j = 1, 2. For the commutator, we have

lai, H] = €ja; + Z Viibii + Azna;, (C3)
3

where n; = aj'ai and [ # i. Substituting (C3) in (C2), we obtain

i10,Gi.j(t, 1) = 8;;8(t —t')+ €Gi.;(t, 1) + A.Gyij(t, 1)+ ZanGkn;j(t, 1), (C4)
k.n

where n =L,R fori =1 and n = Cfori = 2. Gy,;.;(t,t") = —i(Tn[(t)a,-(t)aj.(t’)) and Gy, (t, 1) = —i(’Tbky(t)aj(t’)). Using
the equation of motion it is straightforward to show that

Gij(t, 1) = an/dtlgkn;kn(tstl)Gi;j(tl»t/)s (C5)

where g,k is the time-ordered Green’s function for the free bath. Substituting Eq. (C5) in Eq. (C4), we obtain

i10,Gi.j(t, 1) = 8;;8(t —1')+ €G,;(t, 1) + A.Gyij(t, 1)+ Z / dt Ei,l)(f, 1)Gij(t, 1), (Co)
n
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where X, (1, ) = an |Vien|>gin (11, 12) is the embedded self-energy due to system-bath coupling. Under the mean field approx-

imation

i0,Gij(t, 1) =88t —1') + €Gij(t, 1) + Acln)Gij(t, 1) + Z/dnzn(t, 1)Gij(t1. 1),
n

(€7

The Dyson equation for the retarded Green’s function can be obtained simply by replacing time-ordered Green’s functions and

self energies with the retarded counterpart.
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