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We demonstrate non-classical cooling on the IBMq cloud quantum computer. We implement a
recently proposed refrigeration protocol which relies upon indefinite causal order for its quantum
advantage. We use quantum channels which, when used in a well-defined order, are useless for
refrigeration. We are able to use them for refrigeration, however, by applying them in a superposition
of different orders. Our protocol is by nature relatively robust to noise, and so can be implemented
on this noisy platform. As far as the authors are aware, this is the first example of cloud quantum
refrigeration.

Introduction— Events which take place in a quan-
tum superposition of different orders are said to exhibit
an indefinite causal order (ICO). The quantum SWITCH
[1] is one particular form of indefinite causal structure,
in which the order of operation of two or more quan-
tum channels is determined by the state a control qubit
(Fig. 1). There is a growing literature discussing the
advantage that the quantum SWITCH can provide in
quantum computation [2–4], communication [5–8], and
metrology [9–12]. There have even been recent exper-
iments [13–18] realizing indefinite causal orders in the
laboratory setting and using them to perform ICO com-
munication protocols.

A recent work [19] demonstrated that the quantum
SWITCH could be used to allow quantum refrigeration
using thermalizing channels that would ordinarily be use-
less for this task. There have been experiments aiming
to implement this protocol in nuclear magnetic resonance
[20], and photonic [21] systems. In this work, we imple-
ment the quantum refrigeration protocol using supercon-
ducting qubits, hosted on a cloud based server which is
open to all users of the internet.

Quantum refrigeration via the quantum SWITCH can
be described within the framework of quantum chan-
nels and their Kraus operators [22]. Mathematically, the
quantum SWITCH of two quantum channels is itself a
quantum channel. The output of the quantum SWITCH
of two channels N1 and N2 takes the form

S(N1,N2)(ρc ⊗ ρ) =
∑
i,j

Wij(ρc ⊗ ρ)W †ij , (1)

where

Wij = |0〉〈0|c ⊗K(1)
i K

(2)
j + |1〉〈1|c ⊗K(2)

j K
(1)
i , (2)

are the Kraus operators of the composite channel gen-
erated by the quantum SWITCH. These operators are

∗ david.felce@physics.ox.ac.uk

comprised of the Kraus operators K of the original chan-
nel, applied in an order which depends on the state of
the control qubit. ρc and ρ denote the density operators
of the control and target systems respectively.

FIG. 1. (a) and (b) illustrate channels N1 and N2 placed
in a definite order, corresponding to the control qubit being
in state |1〉〈1| and |0〉〈0| respectively. In (c) the quantum
SWITCH places the channels in a superposition of causal or-
ders. It entangles the order of the two channels with the state
of the control qubit, in this case |+〉〈+|. (c.f. equations 1,2)

It has been shown [19] that the quantum SWITCH
of two thermalizing channels displays some remarkable
properties. For initial ρc = |+〉〈+|c, the output of the
quantum SWITCH of these channels, after measurement
of the control qubit in the |±〉c basis, reads

c〈±|S(N T ,N T )(ρc ⊗ ρ)|±〉c =
T

2
± 1

2
TρT, (3)

where T is the density operator representing the thermal
state which is the output of the thermalizing channelN T .
Note that if the channels are performed in any classically
determined or random order, then the output must be
T . We see however, that this expected outcome is not
obtained when the channels are applied in an indefinite
causal order. Instead, the output state retains some de-
pendence on the input, and in general, the output state
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will not have the same effective temperature as that of
the state T .

These features can be used to create a thermodynamic
refrigeration cycle which transfers heat from cold to hot
reservoirs, by thermalizing a working qubit with those
reservoirs in an indefinite causal order. The target sys-
tem, henceforth called the working system, starts at the
temperature of the two cold reservoirs. It is acted on by
the quantum SWITCH of two thermalizing channels, one
for each reservoir. The control qubit is then measured in
the |±〉c basis. If the result of the measurement yields
|+〉〈+|c, then the working system has been cooled down.
It is then thermalized classically with the cold reservoirs.
If the result yields |−〉〈−|c then the working system is
first thermalized with the hot reservoir, and then finally
with the cold reservoir. The net result of this cycle is that
heat is transferred from the cold to the hot reservoir.

Methods— Our aim was to implement this refriger-
ation protocol in a physical system. We run the ex-
periment on the cloud quantum computing platform
provided by IBM Quantum. Specifically, we used the
ibmq 5 yorktown backend, which is one of the IBM
Quantum Canary Processors. The processor consists of
5 superconducting qubits with high connectivity and rel-
atively high fidelity, and so is ideally suited for our pur-
pose. It is possible to construct a Quantum Switch of
thermalizing channels using a unitary quantum circuit
which acts on the control and target systems, plus envi-
ronments [19]:

ρc • • }
S(ρin ⊗ ρc)

ρin × × × ×

T × ×

T × ×

Here the order in which the swaps occur is determined
by the state of the control qubit. After this circuit the
marginal state of the upper two qubits is identical to
S(N T ,N T )(ρ⊗ ρc) in equation (3). Although in princi-
ple there are an infinite number of circuits, with differ-
ent environments, which yield this output, this particular
representation is helpful, because the environments (two
bottom inputs T ) can be thought of as qubits randomly
drawn from two reservoirs which are thermal baths of
qubits each with thermal state T . Any heat flow to or
from these qubits thus implies a heat flow to or from a
reservoir. It is then clear that the individual swaps per-
formed are unitary extensions of the individual quantum
thermalizing channels we wish to implement in the quan-
tum SWITCH, so we implement the correct channels in
an order determined by the control qubit.

We first notice that the circuit above can be simplified
using circuit identities to become:

ρc • }
S(ρin ⊗ ρc)

ρin × × ×

T × ×

T ×

The (controlled) swap gates can be decomposed into
toffoli and C-NOT gates. The circuit is then transpiled
using the native IBMq transpiler for the allowed opera-
tions and connectivity of the particular backend which
has been selected for the experiment. The depth of the
final transpiled circuit is 31. The circuit consists of 51
gates, of which 19 are two qubit gates. These two qubit
gates have a lower fidelity, so care is taken to minimize
the number of such gates in the circuit.

The control qubit is initialised in the state |+〉c. The
refrigeration protocol requires that the work and reser-
voir qubits are initialized in thermal mixed states, all at
the same inverse temperature, βin. In order to achieve
this, we run the circuit many times with each possible
computational basis state for the thermal qubits. One
example outcome for a particular input basis state is
shown in Fig. 2 (Left). The desired input mixed state
is created by randomly selecting runs with a weighting
for each input state that depends on the desired input
state. Simply by including a fifth qubit representing a
hot reservoir, and relabelling the qubits depending on
the measurement result of the control qubit, we can then
reproduce the refrigeration cycle presented in [19].
Results— Our results demonstrate that non-classical

cooling has been achieved. For a range of input tempera-
tures, we find that the reservoir and working qubits have
been cooled below their common input temperature. As
the theory predicts, we find that the temperature of the
thermal qubits is correlated with the state of the control
qubit - something that is not consistent with the channels
being applied in any classical order, thus demonstrating
the crucial role of indefinite causal order in the cooling
process. For a given range of input temperatures, we
observe that the thermal qubits are cooled below the in-
put temperature when the control qubit is found in the
state |+〉c, and are heated above the input temperature
when it is found in state |−〉c, as shown in Fig. 3. This is
the prediction of the theory and the proof that quantum
refrigeration has been performed.

In the noiseless case, the lower bound on the temper-
ature to which the qubits can be cooled by the proto-
col is absolute zero. Our results, however, indicate that
there is a temperature, below which the qubits cannot
be cooled - this is a result of the inherent temperature of
the noise associated with the operations performed. This
temperature bound can be read off the graph in Fig. 3
(Top Left), from the point where the line representing
the output temperature when |+〉c is measured crosses
the line βout = βin. For the IBM Yorktown backend that
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FIG. 2. Histogram of the output measurement results for a particular input computational basis state (in this case work qubit
‘1’, reservoir A ‘0’ and reservoir B ‘0’). The measurement outcome labels on the horizontal axis have bits which correspond
to, from least to most significant bit: control qubit, reservoir A, work qubit, reservoir B. Left, Blue – Experimental Result.
Right, Red – QASM Noise Model Prediction. It is easily observed that the result is not compatible with the noise model within
statistical error. This indicates the presence of correlated noise which is not accounted for in the model.

was used, the inverse temperature bound was given by
∆ ·β ≈ 0.3, where ∆ is the energy gap of the qubits. It is
also possible to infer from our results the minimum num-
ber of cycles necessary to cool all the thermal qubits by a
certain temperature (Fig. 3, Top Left), in the ideal case
where |+〉c is measured each time (and thus no thermal-
ization with a hot reservoir is required). This is a lower
bound on the number of cycles which must be performed.
More generally, the expected number of cycles depends
on p+ and p− (the probability of measuring |+〉c and
|−〉c respectively). For the relevant temperature ranges,
it is reasonable to take p+ ≈ p− ≈ 1/2. Then, the ex-
pected number of cycles required will be approximately
2n, where n is the number of steps required in the ideal
case.

Noise Considerations— There are two unexpected
features of the data presented in Fig. 3 that warrant
further discussion. Both of these features are manifest
when the input inverse temperature is very low (βin → 0).
First, we observe that the experimental data (Top Left)
shows that for low βin the temperature of the working
system is decreased for both possible measurements of
the control qubit. Also, the temperature depends on the
result of this measurement, whereas in the theoretical
model (Top Right), for βin = 0, we have βout = 0, for
both |+〉c and |−〉c measurements. The first feature of
the data can be understood with reference to a very sim-
ple model of the noise associated with the operations of

the computer. In this model, we assume that there are
two possible outcomes of the process. With some proba-
bility the computer operates perfectly and gives the the-
oretically expected output for a given input temperature,
ρth(βin), otherwise, the output is a density matrix ρfail.
We calculate the ‘success probability’ (psuc) by multiply-
ing together the fidelities (from the backend calibration
data) of each of the quantum gates and measurements
performed. The output then takes the form

ρout = psucρth(βin) + (1− psuc)ρfail, (4)

The form of ρfail is unknown (the error processes can
be represented by some combination of depolarizing and
dephasing channels), but since the off-diagonal elements
are unimportant, there is only one parameter relevant to
the model: the effective temperature of the state. Since
this effective temperature will be finite, and psuc is less
than unity, βout = 0 can never be achieved, even when
βin = 0. However, this model does not explain why, when
βin is very low, βout depends on the measurement results
(|+〉c or |−〉c) of the control qubit. In fact, the model
above (Eq. 4) predicts that there will be no splitting in
output temperature when βin = 0.

A simple modification to the model can explain this
second feature of the data. Let us assume that the in-
put states of the process are not perfectly prepared, but
rather are prepared correctly with a certain probability,



4

FIG. 3. Dimensionless inverse temperature of the working qubit after thermalization in an indefinite causal order, plotted as
a function of input temperature. The blue line represents the outcome in the classical case - the channels are performed in a
definite causal order and so there is no change in temperature. The yellow line is the output temperature when the control
qubit is measured to be |+〉. In this case, for all input temperatures, the output is cooler than the case when the control is
found in the state |−〉 (red line). Top Left – Experimental Result. Top Right – QASM noise model simulation with IBMq
backend calibration data. Solid and dashed line represents ideal temperature trajectory over multiple cycles with measurement
result |+〉. Bottom Left – Noiseless theoretical prediction. Bottom Right – Dimensionless inverse temperature as a function of
the number of consecutive cycles with measurement result |+〉. The temperature converges to an asymptote (blue dashed line
for experiment, red dashed line for noise model simulation).

and otherwise are initialized in some thermal state of
unknown temperature. Thus, the effective temperature
of the input states cannot be controlled precisely. It is
therefore clear that the input states will never have a
temperature of exactly βin = 0. Therefore ρth in Eq. (4)
must be replaced with

ρ′th(βin) = p′sucρth(βin) + (1− p′suc)ρth(βfail),

where p′suc is the probability of a faithful initialization
and βfail is the temperature of the input when the ini-
tialization fails. Since βfail is a finite temperature, with
ρ′th we still expect a splitting of βout for the |+〉c and |−〉c
measurement results.

A more sophisticated noise model, provided by IBM
Quantum, with parameters specific to the quantum back-
end used, gives a more accurate picture of the noise pro-
cesses which occur. This model includes sources of error
such as single qubit pauli errors, readout errors and er-
rors associated with C-NOT operations. We provide a
sample histogram (Fig. 2) for comparison between the
measured data (blue) and this model’s prediction (red).
These data arise from a particular input computational
basis state of the thermal qubits. Still, there is a devia-
tion of the measured data, even from this comprehensive
noise model, which cannot be resolved within the bounds
of sampling errors. This inaccuracy may arise because,
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either the calibration data were not accurate for the time
that the experiment took place, or because of unknown
and unaccounted sources of correlated noise.

Discussion— As far as the authors are aware, this
work constitutes the first thermodynamic protocol run
on a programmable quantum computer. We have shown
that current quantum processors can be used to success-
fully implement such protocols, and provide a new test
bed for quantum thermodynamics.

The implementation of the quantum SWITCH on a
quantum computer allows for easy generalization and ex-
tension of any ICO protocol. For example, it is possible
to choose any desired input state of the control qubit,
and any channels to place in a superpostion of orders. It
is also possible to straightforwardly extend the SWITCH
to N > 2 channels and orders. This permits a full in-
vestigation of the advantage provided by the quantum
SWITCH.

Our experiment is a proof of principle of the indefinite
causal order refrigeration cycle. We have provided a very
simple model of the noise which explains the major fea-
tures of the observed data, as well as a more sophisticated
one, capable of reproducing the key features of the data.
The successful implementation of the cycle in a noisy sys-
tem proves the robustness of the protocol, and indicates
that other ICO protocols need not necessarily be ren-
dered impotent on account of noise. Further understand-
ing the impact of noise on ICO-enhanced tasks is essential
to evaluating the full potential of the quantum SWITCH

for applications not limited to thermodynamics, but also
including communication and metrology. Our results are
a promising indicator for the robustness of ICO protocols
to noise.

Our work motivates further research on the limita-
tions of the quantum SWITCH in assisting thermody-
namic tasks, and the search for other, perhaps more ef-
ficient, (refrigeration) protocols. One open question is
whether it is possible to realise an ICO thermodynamic
cycle whose efficiency can in principle approach Carnot
efficiency. The authors suspect this might be possible
using a modified version of the cycle implemented here.

We have shown that a thermodynamic ICO protocol
can be implemented using current technology. The search
is on for more such protocols, and the prospect for their
physical realization is very encouraging.
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