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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 non-
linearly 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 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 non-linearly coupled resonators
(multi-level system) where the ZZ interaction translates to a Kerr-type non-linearity. For small to
intermediate strengths of non-linearity, we observe that multi-level quantum systems, for example
qutrits, give better cooling effect compared to the qubits. Using Keldysh non-equilibrium Green’s
function formalism, we go beyond first order sequential tunneling processes and study the effect
of higher order processes on refrigeration. We find reduced cooling effect compared to the master

equation calculations.

I. INTRODUCTION

Minimal heat engines and refrigerators based on quan-
tum systems offer the prospect for future thermal de-
vices. Understanding thermal transport in quantum sys-
tems along with subsequent realization of corresponding
thermal devices has been the focus of intense research
for some time' 2. This effort has been further fueled by
experimental advancement'®>?! in the field giving new
insights about heat flow in quantum thermal devices.

In this article, we will focus on absorption refrigera-
tion in minimal quantum setups. Absorption refrigera-
tion 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??223, electronic cavities?*?°, supercon-
ducting systems?%27, trapped ions®® to qubits?? " and
resonators®”*’, However, to our knowledge, the only ex-
perimental work on absorption refrigeration was done in
Ref. 28 for the case of trapped ions.

The absorption refrigerators based on two-body in-
teractions are studied both for electronic’®’ and bosonic
systems®?: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 refrig-
eration can also be achieved with anisotropically coupled
qubits®”. In this article, we demonstrate that the ab-
sorption refrigeration can be obtained in a simpler setup,
namely a qubit-qubit system with ZZ coupling. Notably,
Z7Z-coupling between two qubits has been experimentally
realized in circuits ranging from qubits based on quan-
tum dots to Josephson junctions*'**2. An electronic ver-
sion of our set up based on Coulomb coupled quantum
dots was studied in Ref. 22. However, a natural ques-
tion arises regarding if the setup based on qubits is the
best refrigerator. We will address this question by inves-
tigating refrigeration in non-linearly coupled resonators
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Figure 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 71, and Tr whereas the system S2 is coupled
to the bath C which is kept at temperature Tc, such that
Tr > Tr > Tc. The baths have Lorentzian spectral density
as defined in Eq. (3).

(multi-level system).

To obtain absorption refrigeration in small setups, se-
lective transport is the key. There are different ways
to introduce selective transport - one of the main ap-
proach which we will consider in this article is to intro-
duce energy filters in the contact region®??%*3. Most of
the previous works on quantum absorption refrigeration
are based on single photon transition (sequential) pro-
cesses with a sharp energy requirement. In this regime,
suitable engineering of the device can lead to highly selec-
tive transport. But higher order processes which include
two or more photons can decrease the effectiveness 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 refrig-
eration calls for research.

The paper is organized as follows. In the next sec-
tion, we will propose a model for obtaining absorption
refrigeration 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. Particu-
larly, we take XX as well as ZZ coupling between the
qubits and use both local as well as global master equa-
tion to study the dynamics. In Sec. IV, we will study
absorption refrigeration in two non-linearly coupled res-
onators. We will also compare the cooling effects in the
aforementioned two setups. Finally in Sec. IV B, we will
use the Keldysh nonequilibrium Green’s function formal-
ism to study absorption refrigeration in the case of cou-
pled resonators going beyond first order sequential tun-
neling processes.

II. MODEL

The setup under investigation, depicted in Fig. 1 con-
sists 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 tem-
perature 7. The system S has only one bath attached
to it which is kept at a colder temperature T. The total
Hamiltonian for the set up is given by

H=Hs+ Hp+ He, (1)

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

Hp = Z Gkab};abkaa (2)
k,a

where €, is the energy of mode k of bath a. bka(bza)
are the annihilation (creation) operators for bath a.. The
contact Hamiltonian (H¢) depends on whether the sys-
tem 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®?-2%3.
For that purpose, we take a harmonic resonator between
the baths and the system which helps in energy filter-
ing. The coupling strength between the bath n and the
resonator is taken to be <, and the one between the
resonator and the system as I';. The frequency of the
resonator attached to the bath 7 is Q,/h. We consider
I';, < vy, such that the bath-resonator acts as an effective
bath with a Lorentzian-type spectral density

I'y(w)
(W= )2 + T3 (w)’

Ky(w) = 3)

where n = L,R,C and I')(w) = I'wO(w — ), € be-
ing the cut-off frequency. The energy filters allow pho-
tons 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',(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 sepa-
rated, 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 win-
dow 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 set up of Fig. 1, where we will take a
qubit (Q1) as system S1 and another qubit (Q2) as sys-
tem S2. The Hamiltonian for the coupled qubit system
is given by

Hs= Y enfun + €aaa + Dx (T21 +m12),  (4)
n=0,1,2

where the projection operator on the system states
Tmm = |m)(m|, m represents different possible sates of
the coupled qubit system: 0 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 simplic-
ity, we consider ¢y = 0. In the presence of ZZ interaction
between the two qubits, €4 = €1 +¢e2+ A, where A, gives
the strength of ZZ interaction. Finally, the last term on
the right hand side gives the X X interaction between the
two qubits. The contact Hamiltonian is given by

He = kao‘ (7‘(’01 + Tqo + hC) (b]m, + bza)
k,«

+ Ve (mo2 + ma1 + h.c.) (bpe + bzc), (5)

where o = L, R. The baths are bosonic baths as given
in Eq. (2). Moreover, we shall consider Lorentzian spec-
tral density for the baths as given in Eq. (3). We shall
use both the local and global master equations to study
the energy dynamics (see App. 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.



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 prob-
abilities to different states. Hence, we assign pg, p1, D2, Dd
for the states 0,1, 2, d respectively. In order to calculate
the master equation, we need to define different possible
transition rates. We consider weak system-bath coupling
such that only one photon processes are allowed. Let
i — Za I'im,o be the total transition rate from state
l to state m corresponding to all possible baths «. The
transition rates can be broadly categorized into outgoing
rates (transitions which take one of the qubit to ground
state) and incoming rates (transitions which take one of
the qubit to excited state). The outgoing and incom-
ing transition rates corresponding to same qubit states
and same bath satisfy detailed balance equation. For
instance,

Fl(zz,a _ e(el—em)/kBTaFfQI’a’ (6)

gives the relation between the outgoing (o) rate L'y, q
and the incoming (i) rate 'y q-
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Figure 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 es + 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 €2 (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,.

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 the bath C is straightforward (see
App. A3 for details). The heat current flowing out of

bath C can be expressed as

Jo = €2 (Foa,cpo — T'20,cp2)
+(e2+A;) Ta,ecpr —Tar,epa) - (7)

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

ePcez (eﬂRGII‘lO’L+eBL€1I‘107R) Z eﬁawzrwa
a=L,R

> Balert+pBcedr)
> ea:L,R

I'iol2a,  (8)
where €, = ¢ — €, and B, = [kpT,] ™. A similar con-
dition for cooling was obtained in Ref. 22 for the case of
Coulomb coupled quantum dots. Using the above con-
dition, we observe that Jc is a decreasing function of
I'io,r and I'yq1,. Choosing the optimal condition, i.e.
I'io,r = I'2q,1, = 0, the condition for cooling reduces to

Bcea + Breaz > Beear + Brer. 9)

Under the weak coupling approximation, I'io. g = I'aq.1, =
0 can be obtained by taking a Lorentzian-type spectral
density as expressed in Eq. (3) with Qp, = ¢; and Qr =
€1 + A,, A, is the energy gain/loss. Taking symmetric
thermal bias Tt,)c = T 4 AT, the condition for cooling
reduces to a very simple relation given by

BcA. < Brer. (10)

In terms of Boltzman factor for systems in equilibrium,
Eq. (10) becomes pg'(A.) > pr'(e1), where pii(e) =
e~ Pn¢ is the Boltzman factor for the qubit kept in contact
with bath n where € gives the energy gap of the qubit.
Hence, refrigeration can be achieved if the Boltzmann
factor associated with a qubit of gap A, and attached to
the coldest bath is larger than the Boltzman factor of a
qubit with gap €1 kept in contact with the hottest bath.

In light of the above derived condition for refrigera-
tion, we argue that the process of refrigeration follows
the following steps®” (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
€2 + 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 €2 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*® as well as thermal drag** in Coulomb
coupled electronic systems.
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Figure 3. Heat current flowing out of the bath C as a function
of AT using Eq. (7). Parameters: I', = 0.02, I'r = 0.08,
I'c = 0.06, €1 = 2kBT, €y = ZkBT, Qp = €1, Qr = €1 + Az,
Qc = 62+Az, TR =T, Ty, = T—I—AT, Tc = T—AT7
ec = 20kpT.

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 Jgo is second order in
A, and it takes a simple form when expanded over both
AT and A,. We obtain from Eq. (7),

—e2/keT K (e)K (e + AL)(—1 + e/*=T)"IAT A2
(1+e/*T)2(K(e + A,) + K(e)e/ksT)  kET?’
(11)

where we assumed €; = e3 = € and Kp(e) = Kgr(e) =
Kc(e) = K(e).

Jo =

0.0041 €2 = kpT

-—- ¢ = 1.5kpT ;
0.002 1 c2 = 2kpT [
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Figure 4. Heat current flowing into the bath C as a function
of €1 using Eq. (7). Parameters: A, = 0.1, I', = 0.02, I'g =
0.08, I'c = 0.06, Qp = €1, OQr = €1 +Az, Qc = 62+Az, TR =
T, T, =T+ AT, Tc =T — AT, AT = 0.3T, ec = 10ksT.
In the blue shaded region, the bath C gets cooled whereas in
the red shaded region it gets heated.

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 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 param-
eters considered, we observe cooling in the entire range
of thermal bias with a maximum around AT =~ 0.37.
Note that, positive values of Jc implies 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
€1. We show that the heat is dissipated into the bath C
(heating) when €; < 0 whereas for €; > 0 heat gets ex-
tracted 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.

B. General case: Global master equation vs Local
Master Equation
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Figure 5. Heat current flowing out of the bath C as a function
of A,. Upper panel is for local master equation case whereas
the lower panel is for global master equation case. Parameters:
I'L = 0.02, Tr = 0.08, ['c = 0.06, e1 = 2kpT, e = 2.1ksT,
Qr=€e1,Qr=e1+A,, Qc = €2+Az, TR =T,T1 = T—I—AT,
Te =T — AT, AT = 0.1T, ec = 10kgT.

In the presence of XX coupling, the derivation of mas-
ter equation in the diagonalized basis naturally leads to



the global master equation whereas 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 regard-
ing 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 suf-
ficiently small. However, global master equation followed
by a secular approximation is better suited for interme-
diate and large values of A,*%0,

We study absorption refrigeration using both local and
global master equation. In Fig. 5, we plot the heat cur-
rent 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 mas-
ter 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
qubit 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 master equa-
tion predicts heating of the cold bath C (note that neg-
ative heat current means positive heat flowing into the
bath) for A, < 0.2kgT whereas the local master equa-
tion gives cooling effect in that parameter regime. As
mentioned previously, in the regime of interest, i.e. for
small values of A, local master equation is better suited
to describe the dynamics.

IV. ABSORPTION REFRIGERATOR: TWO
COUPLED NON LINEAR RESONATORS

In this section, we investigate absorption refrigeration
in non-linearly coupled resonators. As shown in Fig. 6,
the setup consists of two resonators R1 and R2 non-
linearly 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 = elaial + 62a£a2 + Azaialagag, (12)

where ¢;/h is the frequency of the resonator ¢ and A, is
the parameter determining the strength of non-linearity.
We consider bosonic baths as defined in Eq. (2) and the

coupling Hamiltonian takes the following form

Ho = Z Via @l bra + Z Vic abbre + hc., (13)
k.a=L.R p

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

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

heat transport using two different formulations: 1) mas-
ter equation technique and 2) Keldysh nonequilibrium
Green’s function formalism.

A. DMaster Equation Calculations

We start our analysis of coupled resonator system from
the weak system-bath coupling regime. In this regime,
the dynamics can be studied perturbatively in terms of
system-bath coupling Ho. Up to the leading order se-
quential contribution (Born approximation), Linblad for-
mulation 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 is presented in the App. B. The master
equation in the photon number basis reads



Prine = — [(01(711,712) + Di(n1,n2) + Ca(ni,n2) + D2(”17n2)>/’n1,n2 —Ci(n1 — 1,m2)pn, —1,ns

— D1(n1 + 1,m2)pny +1,n0

where the incoming transition rates that brings the sys-
tem into the final state (n; + 1, n9) and (n1,ns + 1) from
the state (n1,n2) are respectively given by

Ci(ny,ng) =2 Z (n1 + 1) Fo(®1,n,),
a=L,R

Ca(n1,n2) = 2(n2 + 1) Fo(@2,n,) (15)

and the outgoing transition rates that leads the system
out of the state (n1,ng) are given by

Dl(nl,ng): Z inga(wl,n2)7

a=L,R

Ds(n1,n2) = 2n2Gc (02,0, ), (16)
where @1 p, = €1 + A ng, Wa n, = €2+ A n; and
- 1 - -
Fa(@) = 5 Ky(@)ny (@)
- 1 - -
G(@) = S K (@)1 + 1y @), (1)

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

JC =Tr [Hsf,cp] 5 (18)
where L¢ is the part of Lindbladian associated with the
bath C given by

[Lcplnyn, = —<02(n1»n2) + Dz(ﬂhﬂz))pm,m

+ Co(n1,n2 — 1)pny no—1 + Da(n1,n2 + 1) pry oyt
(19)

Although the number of levels in each resonator ranges
to infinity, under the low temperature and weak coupling
approximation, only the few lower levels participate in
transport. We define N; as the the number of levels we
consider for the resonator ¢ while undergoing the trace
in Eq. (18). Hence, N; = max(n;), for i = 1,2. For in-
stance, in the limit of N7y = Ny = 2 the coupled resonator
system reduces to the coupled qubit system with ZZ in-
teraction studied in Sec. IIT A. In Fig. 7, we study the ef-
fect of thermal bias on the heat current Joz. We compare
the cooling effect for different N;, No. In the param-
eter regime considered, we observe that the multi-level
systems (N7, No > 2) provide a more stronger cooling ef-
fect compared to the coupled qubit system (N7, Ny = 2).

= Ca(n1,n2 — 1)pny my—1 — Da(n1,n2 + 1)pny npt1 |

(14)
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Figure 7. Heat current flowing out of the bath C as a function
of thermal bias, AT. Parameters: A, = 0.05kgT, I't, = 0.02,
T'r =0.08, Tc =0.06, €2 = €1 = kT, QL = €1, Qr = e1+A4A,,
Qc =+ A, Tr =T, T, =T+ AT, Tc =T — AT,
ec = 10kgT. N1 and Nz give the number of levels considered
for R1 and R2 respectively for the numerical calculations.

For AT =~ 0.37, cooling effect is more than double in
the resonator case (black dashed curve) compared to the
qubits (magenta curve). Reasonably, the largest correc-
tion beyond the qubit-limit comes from the qutrit case
(N1, Ny = 3). However, the correction beyond the qutrit
limit are 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 < N7, Ny < 3. In all the
cases, we observe that heat current reaches a maximum
before decreasing monotonously. We will explain this
behavior taking the qubit-qubit case, i.e. N = Ny = 2
(magenta curve). As discussed in Sec. III A, cooling takes
place when a photon leaves bath C with an energy e+ A,
and enters with €. Although for small values of A, (close
to 0), there are many photons that participate in trans-
port, 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 number of photons. For large enough values of
A, the thermal energy of bath C becomes insufficient
to provide enough photons that could possibly excite the
resonator, which in turn leads to a decrease of heat cur-
rent. Moreover, for large values of A, the state where
both resonators are excited becomes less probable which
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Figure 8. Heat current flowing out of the bath C as a function
of A,. Parameters: I', = 0.02, I'r = 0.08, I'c = 0.06, €2 =
€1 =kpT, QL =€, =1+ A, c =2+ A, Tr =T,
T, =T+ AT, Tc =T — AT, AT = 03T, ec = 20. M
and N give the number of levels considered for R1 and R2
respectively for the numerical calculations.

is crucial in achieving the cooling effect. Similar reason-
ing can be given for the multi-level case. In addition,
we observe that for A, < 0.2kgT, cooling is enhanced
for Ny = 3. This is because, for small values of A, the
resonator R2 can get excited either to the energy state
€2 + A, or e5 + 2A, depending on whether R1 is in the
energy state €; or 2e; respectively. This creates an ex-
tra channel for the refrigeration process giving enhanced
cooling effect. However for A, > 0.35kgT, the heat cur-
rent Jc becomes independent of Nj as long as N7 > 2.
For large values of A, the excitation of R2 to states
€2 + 2A, and 2e; + 2A, becomes less probable. In addi-
tion, these processes become energetically costly. Hence,
only the first two levels of R1 determine the transfer of
heat in the bath C.

B. Non equilibrium Green’s function calculations

In this section we will address the effect of higher or-
der terms corresponding to system-bath coupling on ab-
sorption refrigeration. The amount of energy absorbed
or emitted under a first order sequential tunneling pro-
cess is given by the difference 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 pro-
cesses such as cotunneling can occur via virtual states
even if the photons do not have enough energy to ex-
cite the qubit. These processes can destroy the filtering
effect which are designed taking only the sequential pro-
cesses 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

G (1) = —ib(t — 1) <[ai(t)7 ag(t/)} > . (20

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

i0,Ghq(t,t) = 6(t—t')+e2Gho(t, 1)+ A, (n1) Gho(t,t")

-I-/dterC(t,tl)Gg;g(tl,t’), (21)

ny = a];al and the self energy due to coupling to bath C
is given by

So(tte) = Y [Vaeghe (b t2), (22)
k

where gio (b, t2) = =i(t — t2)  [bre(tr), b (t2)| ) is
the retarded Green’s function for the free bath. The heat
current flowing out of the bath C at time ¢ can be written
as

d

Jo(t) = P (Hp,c(t)) (23)

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

Jc:/ e [GR(OREO - GROSE], (20

where the lesser component of self energy, Z; =
—in, K,(€) and the greater component, X7 (¢) =
—iK, (e) (1 + ny(e)). The existence of steady state in
interacting open quantum systems has been proved in
Refs. 48 and 49. G7;(e) and G5 (¢) are the Fourier trans-
form of the greater and lesser Green’s functions respec-
tively defined through the relations

G (t,t) = —i <ai(t)a;(t')>
G5(t,t) = —i <a}(t’)ai(t)> . (25)

They can be calculated using the following relation

< <

Ga(€) = Goa(€) X5 2(€) G55 (), (26)
where the self-energy
< < <
Yot = 2 + X0 (27)
The first term on the right hand side of Eq. (27) cor-
responds to the self-energy due to tunneling whereas
the second term results from the inter-resonator non-
linearity®®. The latter self-energy can be broken down
into two parts Xint ; = XH,; + Lgc,i, where the first term
is the Hartree contribution and the segond term is the
exchange correlation part. Note that X7 ; = 0. Hence,

<

G52(6) = Gh(0) (SE(O) + 5.5(0) ) (0G5a(). (28)
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Figure 9. Single bubble Feynman diagram for the exchange
correlation where j, k = 1,2 depending on the resonator. Note
that, j # k.

The exchange correlation self-energy can be expressed

3,850752

S7, (1) = —A2GE () PE(L, 1), (29)
< < > 5
where P (t,t") = G, (t,1)Gr (P, 1), We use mean
field Green’s function to calculate the exchange correla-
tion self energy. Note that (n;) = i [ de/2nG5;(€) en-
ters 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
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Figure 10. Heat current flowing out of the bath C as a func-
tion of AT for different values of I'y, using the nonequilibrium
Green’s function calculations. In the inset, we present the
results obtained using the master equation calculations. Pa-
rameters: I'r = I'c = 0.02, e = 2kT, €1 = 2ksT, Q1 = €1,
Or = €1 + Az7 Qc = e + Az, A, = O.QkBT, €ec = 7/€BT,
TR =T, T, =T+ATand Tc =T

part of the self energy, the heat current in Eq. (24) using
Eq. (28) goes to zero. The only non-zero contribution to

the heat current Jc comes from the exchange correlation
part of the self energy. We obtain

de
Jo = [ 550680222055

— 352638 (6)]  (30)
Note that the mean field approximation is obtained by
decoupling the equation of motion for the time-ordered
Green’s function at first order (see Appendix C for de-
tails). Although the mean field approximation addresses
the strong system-bath coupling going beyond the se-
quential tunneling processes, it neglects tunneling pro-
cesses resulting from strong non-linearity. These pro-
cesses may contribute significantly to the refrigeration
process for strong enough non-linearity. Note that,
our calculations hold for small to intermediate strength
of non-linearity®’. In order to properly address both
strong system-bath coupling and strong non-linearity,
one would have to go beyond the mean-field Hartree
approximation® which is beyond the scope of present
work. In this section, the temperature of the left and
the cold bath are taken as Ty, = T + AT and T = T
respectively.

We observe no cooling effect when the non-linearity is
considered very weak, A, < 7l €/ for €,/ = 2kgT in
contrast to the master equation calculations (see Fig. 8).
The presence of cotunneling and higher order processes
in the nonequilibrium Green’s function calculations de-
stroys the cooling effect in the weakly non-linear regime.
This further demonstrates the importance of higher or-
der terms such as cotunneling which are often neglected
in the literature. In Fig. 10, we plot the heat current J¢
as a function of AT for a couple of values of I',. We
consider the strength of non-linearity to be small enough
such that A, = 0.2kpT < €1/, kgT. We observe a large
decrease in cooling effect when the coupling strength in
the left contact is increased from I'r, = 0.01 to I'r = 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 tunnel-
ing processes resulting from strong non-linearity. The
heat current approaches a maximum at AT =~ 0.15T for
I', = 0.02 and at AT =~ 0.7T for I'r, = 0.01 before de-
creasing monotonously for larger values of AT/T. The
observation of finite cooling effect proves the effectiveness
of the proposed models for absorption refrigerators.

V. CONCLUSIONS

We presented a minimal model for two-body absorp-
tion refrigerator based on two qubits coupled via ZZ cou-
pling. We derived the necessary conditions for cooling



and also introduced the cooling mechanism. We showed
that other isotropic couplings, namely XX and YY cou-
pling can’t produce cooling effect. Instead, they are
detrimental to cooling. We verified above argument con-
sidering both local as well as global master equations.
In Sec. IV, we studied absorption refrigeration in non-
linearly coupled resonators. We compared the magni-
tude of refrigeration in the mentioned two setups. Non-
linearly coupled resonators (multi-level system) was ob-
served to produce better cooling effects in certain pa-
rameter regime. We also studied the process of refrig-
eration in the case of resonators using the Keldysh non-
equilibrium Green’s function formalism which holds for
small to intermediate values of non-linearity. Particu-
larly, we considered the mean field Hartree approxima-
tion for the Green’s functions and took exchange corre-
lations into account for the self energy. Albeit small we
observed finite cooling effect using the nonequilibrium
Green’s function formulation further validating the effec-
tiveness of our model as 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 broadens the energy window for
transport, hence reducing the cooling effect 2) the higher
order processes in terms of non-linearity 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 cir-
cuit which is non-locally coupled to upper circuit. How-
ever, the most interesting result is that although we ob-
serve cooling effect even for small values of non-linearity
with master equation calculations, the non-equilibrium
Green’s function calculations gives no cooling effect for
small A,. The non-equilibrium Green’s function calcula-
tions are exact for small values of non-linearity.

To conclude, we find that the best regime to obtain ab-
sorption refrigeration in multi-level quantum systems is
the weak system-bath coupling regime with intermediate
to strong non-linearity.
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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
diagonalise the system Hamiltonian in Eq. (4), such that

Eyb 0 0 O

10 EL 0 O
HS = 0 0o E_ 0l (Al)

0 0 0 Ey

where Eq/q = €g/q and

€1 + €2 1 2
E,_ = + = — 4A2, A2
+ 5 5 \/(61 €2)" +4AZ (A2)

The contact Hamiltonian gets modified to

He = 32 3 Vi Ol 002l + Aol (01) (b + ], )

ko 1=+
£33 Vi Oatld) 0+ Agaalt) () (bry + 0], )
kn =+
(A3)
where 7 = L, R, C. We have

AL0+ = AR,04+ = —Ac,0— = cos0/2, (A4)
)\L,g_ = )\R,O— = /\070_;,_ = sin 0/2, (A5)
/\L,d+ = /\R,d+ = /\C,d— = sin 9/2, (AG)
)\L,df = )\R,df = _)\C’dJr = — COS 9/2, (A7)

where 0 = tan~! [2A,/ (e1 — €2)] and A im = Ay,mi. Fol-
lowing the calculations of Ref. 54, we obtain following
master equation

dp
— =W. A8
i D, (A8)
where
Po
_ D+ Ag
p=1 | (A9)
DPa
and
W:
- > Ton I'to I' o 0
n=-4,—
n=0,d
To_ 0 - > I, Ty
n=0,d
0 F+d Ffd - Z Fdn
n=-4,—

(A10)



Different transition rates are given by

Lo = Z)\W mn (W (Emn) + ¥ (Enm)) , (A11)

where v, (Epnm) = Ky(Epm)ny(Enm) and 3y (Enm) =
K, (Enm) (1 4+ ny(Enm)). Note that, K, (e) = 0fore <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 ex-
pressed as

Jo = Z [Ez (Cos,cpo — Tio,cmr)
-t

+ (Eq — E;) Tia,cp — Tai,cpa) } (A12)

2. Local master equation

When the X X coupling term (A,) is very small com-
pared to the system-bath coupling strength, 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

pnn [HS, Z anpnn + Z anpmma (A13)

whereas the off-diagonal terms satisfy
. . 1
Pmn = —1 [HS7 p]mn D) ; [le + I‘nl} Pmn; (A14)

where the transition rates are defined as

T = :Yn(emn) + 7n(€nm)a (A15)

where 7 is the bath associated with the transition. For
instance, let’s consider the diagonal component pi11 = p;.
We have

dp1 .

1 _ A, _

o iAg (p21 — p12)
— [0 + g p1 + Corpo + Tarpa.

Using the fact that in the steady state p,,, = 0 for all
m,n, the component pi2 can be expressed as

(A16)

pr2 = p* — AL (pl - p2)
7 (e1 —€2) — £ (Tyo+ Tyq+ oo+ Tag)’
(A17)
such that
dp, A2T
O = —-— = € ~ -
At~ (e — ) + ir (b2 =)
— [0+ T4l p1 + To1po + Tarpa, (A18)
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where f =T19+ T4+ 29 + og. Similarly

d AT
0= = @ —ar+ %f (= p2)
— [C20 4+ 2] p2 + To2po + Caopa, (A19)
and
0= % = —(To1 + To2) po + T'1op1 + Taop2.  (A20)

Along with the condition, pg + p1 + p2 + pqg = 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

(e24+ A;) Tiagpr —Taipa) -

(A21)

Jo = €3 (Toapo — T'aop2) +

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

d
0= % = — [T+ Tl p1t +Toipo + Tarpa.  (A22)
Similarly
_dp2 _
0= o L2 + T'2a] p2 + To2po + Cazpa,  (A23)
and
_dpo _
0= o (To1 +To2) po + Tiop1 + Caop2.  (A24)

The heat current flowing out of bath C for the case of
local master equation can be expressed as

Jo = €2 (Toepo — T'aop2) + (€2 + A) (T1apr — Ta1pa) -

(A25)

Appendix B: Master Equation for non-linear
resonator

We take the following Hamiltonian for the system

He=1® (elaJ{al + egagag + Azalalagag) , (Bl
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 Hamilto-
nian), E = ¢; N1 +€e3No+A, N1 No. The contact Hamilto-
nian can be similarly written as a tensor product between
system and bath degrees of freedom

HC:ZBn@aAn

Z Via ka®a1+ZchbkC®a1+hc
k,a=L,R

(B2)
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where A,, gives the system degrees of freedom and B, Further,
the bath degrees of freedom such that

d
% — —ieyay — iA,Nyay,
d T
% = iera] +iA, Noal,
d
% — —iepay —iA,Nyag,
d T
% = iesal +iA, Nyal. (B4)
We can write
A1 = aq B1 = bLL, A?(T) _ A?(T) — Ty
A2 - a11- BQ - bkL A%—L(T) _ AZL{(T) _ ezwl‘ra'['
A3 = ai Bg = b/t:R’ AZ-L(T> _ e—uDQTaz
Ay = aJ{ By = bgp A”é’-L(T) _ eilDQTa;7 (B5)
A5 = a B5 = bl-ECW
; where @1 = €1 + A, Ny _and W9 = €3 + A, Ni. After some
Ag = ag Bs = bre (B3) calculations, we obtain®®

J

o) = [ e |Cral) [41, AF-7)p(0)] + Cua(-) [pOAF (1), 1] + Car (1) g, AT 7)ol0)]
+ Cia(=7) [p(O AT (=7), Az + Cua(7) [ A3, AF(=T)p()| + Cua(—7) |
+ Caa(=7) [ p() A (=), Aa] + Cso(7) [ A5, AF(=7)p(t)] + Cls(—7)

t Ag} + Cy3(T {A4,AH )}

)[46, 42(=7)p(0)]

(
( |
+ Csol=7) o) A% (~7), A@ﬂ - (B6)

VAL (=7),
p(t) A (—7), A5} + Ces (T

(

where Cop(7) = Trp [Ba(7)Bg]. We took the only com-  Since the contact Hamiltonian is Hermitian, we have
binations for a and § that give Cog # 0. We defined Cop(—T7) = Cl P (7). Further, we have the following rela-
tion
w) = Ca T ei‘fm-7 B7 * o WT

) /0 #(7) (B7) Tos(w) + Thp(w) = / d7Cop(T)e™". (B9)
and The real part of I'’s give the dissipative contribution
) B whereas the imaginary part gives the Lamb shift. Sub-

/ drCop(—T)e 7. (B8)  stituting Egs. (B7) and (B8) in Eq. (B6) we obtain

J

p=— Hahfm(—@)aip(tﬂ + {p(t)l“&(@)ai,al} + [GI,Fm(GJl)am(t)} + [p(t)I‘*{Q(—cbl)al,aﬂ
+ [a1,F34(—&'J1)aJ{p(t)} + [ (T3 (@ )a{,al} + {a17F43(@1)a1p(t)} + { (O)T%(—@ )ahaﬂ

n [ag,r%(—wl)a;p(t)} + [p(t)FZ5(@2)a£,a2} n [a;,F%((Zzl)agp(t)] n [p(t)rgﬁ(—ag)a2,a;” (B10)
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Keeping only the dissipative contributions, we can write the above expression as

p=— > Hal,}"a(d;l)a

a=L,R

T

1P f

(t)} + [p(t)ga(wl)al,al} + [a{,ga(wl)alp(t)] + [p(t)fa(wl)al,aiﬂ

T
27a2

- Hag,fc(@)a;p(t)} n [p(t)gc(dzg)a } n [a;,gc(&zz)agp(t)} n [p(t)]:c(cbg)a2,a£H, (B11)

where
F1(@) = Rell15(~5)] = Rel[a(~0)] = 5 K1, (@)1 (3)
G1,(&) = Rel[s; (&)] = Rell1 ()] = 5 K1.(@)(1+ 0, (2),
Fi(®) = Rell'sa(~)] = Rel[%4(~3)] = 3 Kn(@)nn (@)
Gr (&) = Rell(0)] = Rells3(3)] = 3 Kn(@)(1 + nn(3)).
Fo(®) = Rellsa(~)] = Rell3g(~3)] = 3 Ko(@)no(@)
Go(3) = Rellg(3)] = Rellos(3)] = 3 Ko(@)(1 + (@), (B12)

where K, (w) and n,(w) are respectively the spectral density and the distribution function for the bath 7. After some
calculations we obtain

Prains —(n1 + 1)Ga(‘:”1’n2)pn1+1’n2}

=2 Z [(n1 4+ 1) Fa(®1,05)Pn1 00 — M1 Fa(@1,05) Py —1,n0 + 11 Gal@1,n5)Pny,ns
a=L,R

-2 [(nQ + l)fC(LDQ,"l)pnlﬂlz - HQ‘FC(LDZ,"l )pn1,7l2—1 + n2GC(®2,n1)p"1,n2 - (712 + I)GC(@Q,nl)pnl,n2+l] s (Bl?))

(

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

where W1, = €1+ A 19 and Wg 5, = €2+ A, n;. Defining

C’l(nl,ng) = 22(711 + I)FO[((:]17TL2)7
@ [ECp}nl,nQ = - |:(02(n17 n2) + DZ(nla n2))pn1,n2
Cg(nl,ng) = 2(’/7,2 + l)fc(d)g,nl)

Di(n1,n2) =2 11Ga(@1,n,); — C2(n1,m2 — 1)ppy np—1 — Da(n1,m2 + 1)Pn1,n2+1]~
[e3

(B17)

D2(7’L1,7’L2) = 2n2gc(&4)2’n1> (B14)

Appendix C: Two coupled non-linear resonators:
Dyson equation in the mean field approximation

we obtain

We define the time-ordered Green’s function for the
coupled resonator system as

Gij(t, 1) = —i <Tai(t)a;r-(t')> .

sing the equation of motion, we obtain

Pryng = — [(Cl(nl,nﬂ + Dy(n1,n2) + Ca(n1,n2)

+Da(nq, n2)>ﬂn1,n2*01(n1 —1,12)pny—1,n,—D1(n1 + 1,n2)
(C1)
pn1+1,ﬂ2_02(n1’ ng — 1)pn1,n2*1_D2(n17 ng + 1)Pn1,n2+1:| .
U
(B15)
i0,Gii (t,1) = —i <T[ai(t), H(t)] a}(t')> +8,0(t— 1),

Hence we derived the master equation for coupled res-

onators. Similarly, the heat current flowing into the bath
C can be written as

JC =-—Tr [Hsﬁcp] s (B16)

(C2)

where 4,7 = 1,2. For the commutator, we have

lai, H] = eia; + Y Viibri + Azmas, (C3)
k



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

i@tGm (t, t/) = 5”(;@ - t,) + EiGi;j (t, t/)

+ A:Gnisj (t, t,> + Z VienGns; (t,t), (C4)
k,n

where n» = LR for i = 1 and n = C for i = 2.

Grij(t, 1) = —z’<7’ni(t)ai(t)aT(t’)> and G (t, 1)

J

—i <Tbk7(t)a;(t’)>. Using equation of motion it is

straightforward to show that

10

11

12

Gkn;j(tat/) = an/dtlgkn;kn(tvtl)Gi;j(tlatl)7 (05)

13

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

i@tGi;j (t, t/) == 5lj5(t - t,) + EiGi;j(t, t,)
AL t) + Y / dt, S0 (1, 4)Gis (11, 1), (C6)
n
where X, (t1,t2) = >, |Vien|2gin (1, t2) is the embedded

self-energy due to system-bath coupling. Under the mean
field approximation

Z'(r“)tGi;j (t, t/) = (Sij(S(t—tl)-‘rEiGi;j (t, tl)-l-Az <7’Ll> Gi;j (f,tl)
+Z/dtlzn(t,tl)Gi;j(tl,t’). (C7)
n
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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