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Abstract
Controlled quantum machines have matured significantly. A natural next step is to increasingly
grant them autonomy, freeing them from time-dependent external control. For example,
autonomy could pare down the classical control wires that heat and decohere quantum circuits;
and an autonomous quantum refrigerator recently reset a superconducting qubit to near its
ground state, as is necessary before a computation. Which fundamental conditions are necessary
for realizing useful autonomous quantum machines? Inspired by recent quantum
thermodynamics and chemistry, we posit conditions analogous to DiVincenzo’s criteria for
quantum computing. Furthermore, we illustrate the criteria with multiple autonomous quantum
machines (refrigerators, circuits, clocks, etc) and multiple candidate platforms (neutral atoms,
molecules, superconducting qubits, etc). Our criteria are intended to foment and guide the
development of useful autonomous quantum machines.

Keywords: quantum thermodynamics, autonomous machines, quantum control,
absorption machines, quantum information processing

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1 © 2024 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6633/ad8803
https://orcid.org/0000-0003-4424-0949
https://orcid.org/0000-0003-2749-7283
https://orcid.org/0000-0001-8670-6212
mailto:nicoleyh@umd.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6633/ad8803&domain=pdf&date_stamp=2024-11-15
https://creativecommons.org/licenses/by/4.0/


Rep. Prog. Phys. 87 (2024) 122001 Key Issues Review

Automata are machines that operate independently of external
control (figure 1). In an early example, the ancient Greekmath-
ematician Archytas of Tarentum supposedly built a wooden
pigeon powered by steam [1]. For centuries, automata served
as curiosities for entertainment and for impressing visitors.
Not until the 18th-century Industrial Revolution did engin-
eers harness automata for practical purposes on large scales.
(We use an expansive definition of automaton, not restrict-
ing the term to machines that resemble humans or animals.)
Today, automata speed up manufacturing, deliver packages,
drive car passengers, and even clean kitchen floors. In sum-
mary, classical automata have progressed from curios to useful
tools.

Autonomous quantum machines have embarked upon a
progression that we hope will end analogously. Quantum
thermodynamicists have designed theoretical autonomous
engines [2–24], refrigerators [17, 25–55], clocks [56–62],
Maxwell demons [63–66], and more [67–72] without external
drives [73, 74]. Some of these machines do not even require
thermodynamic-work inputs. Instead, the refrigerators and
clocks siphon off heat flowing between different-temperature
baths nearby. Most of these studies explore foundational mat-
ters: whether one can build autonomous quantum machines
in principle, fundamental limits on such a machine’s perform-
ance, etc. This work parallels Archytas and his successors as
they sketched designs, toyed with steam propulsion, and so on.

In a next step along the hoped-for progression, experi-
mentalists have just begun building autonomous quantum
machines. Platforms used include trapped ions [44], super-
conducting qubits [75], molecules [76], single-electron
boxes [65], and quantum dots [77, 78]. For instance, trapped
ions and superconducting qubits have realized autonomous
quantum refrigerators [44, 75]. Such experiments have ini-
tiated the bridge from theory to reality. Yet they largely
resemble Archytas’s pigeon: They are impressive curiosities,
not practical tools.

A quantum engine offers an example. Conventional ther-
modynamics spotlights engines formed from classical gases.
An early question in quantum thermodynamics was [74,
79, 80] can quantum systems similarly perform work as
engines? The answer is yes: quantum Carnot, Otto, and
Stirling engine cycles have been defined. So have continuous
quantum engines, which need not be cycled through finite-
time strokes [79]6. Some such quantum engines have been
realized experimentally. Examples include an engine formed
from one natural atom, as in [82]. This experiment is laudable
for demonstrating quantum control and for extending ther-
modynamic principles to the quantum regime. Nevertheless,
the engine cannot earn its keep. The engine’s ‘working fluid’
consists of two energy levels separated by an optical trans-
ition. Therefore, one may expect to extract≈1 eV of work per

6 Quantum engines differ from many biological engines, or molecular
motors [81]. Molecular motors tend to behave classically. Examples include
the motor that moves a bacterium’s flagellum.

Figure 1. Nonautonomous vs. autonomous machines: The hands
apply time-dependent external control to the nonautonomous
machine (left). The autonomous machine (right) evolves under a
constant Hamiltonian. This machine may carry a power source or
draw its own free energy (or a nonequilibrium generalization
thereof) from its environment.

cycle. Yet preparing the atom required Doppler and sideband
cooling—far more work7. Hence the engine is impractical.

One exception was initiated recently: the autonom-
ous quantum refrigerator formed from superconducting
qubits [75]. The quantum refrigerator cooled a target qubit
to below the temperatures realizable via passive thermaliz-
ation with the dilution-refrigerator environment. This target
qubit, reset to near its ground state, could potentially serve
in a later quantum computation. In such an application, the
quantum refrigerator could draw energy from the temperature
gradient between the dilution refrigerator’s inner and outer
plates. Cooling this autonomous refrigerator to the quantum
regime would cost negligible extra work, the dilution refri-
gerator already being cold to support the upcoming com-
putation. Work is required to extend the proof-of-principle
experiment [75] to applications. Nevertheless, the experiment
demonstrates the autonomous quantum refrigerator’s potential
for usefulness. Experimentalists have cooled superconducting
qubits alternatively via active reset [83–86] and via other
unconditional-reset protocols [87, 88]. One can attempt to
compare all the strategies through their reset times and the
targets’ late-time excited-state populations. The results are
mixed: the quantum refrigerator and competitors outperform
each other in different ways. Still, in some situations, the
autonomous quantum refrigerator’s lesser need for control
may outweigh any benefits enjoyed by competitors.

One can envision other useful autonomous quantum
machines, five types of which we sketch here in motivating
this Perspective8. These machines, with the refrigerator men-
tioned above, serve as illustrative examples. Criteria are gen-
eral, abstract concepts and so require examples to provide
grounding and concreteness. This list, although extensive, is
intended to provide a brief survey, as suits a review’s introduc-
tion, rather than a thorough tour of all conceivable autonom-
ous quantum machines. To illustrate the range of possible

7 The enginewas not autonomous, so operating the engine requiredmorework
inputs. However, we focus on the work inputs that the engine would have
required if autonomous.
8 Practicality has motivated the design of nonautonomous quantum thermal
machines [89–93], too.
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machines, we progress from experimentally realized ones to
natural ones, to as-yet imaginary machines to which the com-
munity can aspire:

1. Autonomous quantum circuits would apply their own gates,
offering several possible benefits9. Autonomy could pare
down the control wires in superconducting-qubit architec-
tures. Control wires limit the number of superconducting
qubits that fit on a chip [94, appendix C.4.I]. Also, con-
trol wires are dissipative macroscopic, classical objects
that heat qubits up [95, section 2.1]. Eliminating control
wires could therefore benefit superconducting-qubit cir-
cuits’ scalability and coherence times. Similarly, quantum
dots are controlled by gate voltages—classical control
whose parameter space has grown unwieldy [96]. Hence
autonomy could improve also semiconductor quantum cir-
cuits’ scalability.

2. To apply gates at the proper times, autonomous quantum
circuits would need autonomous quantum machines of a
second type: clocks. Theorists have designed autonomous
quantum clocks that tick by emitting photons [56]. Such
clocks differ from the quantum clocks used today, formed
from ultracold atoms interacting with lasers [97]: Today’s
quantum clocks receive external feedback when the atoms
are measured, the lasers are tuned, etc.

3. Autonomous quantum machines of a third type could
detect, transduce, and transmit energy. Nature has produced
machines of this type. Photoisomers are molecules oper-
ative across nature and technologies [98–101]. Examples
include retinal, found in the protein rhodopsin in our
eyes [102]. A photoisomer has one shape in thermal equi-
librium at biological temperatures. Absorbing a photon—
say, from the Sun—enables the molecule to switch con-
figurations. The switching can galvanize chemical reac-
tions leading to the experience of sight. Photoisomers
exhibit quantum phenomena including coherence relative
to the energy eigenbasis, as well as nonadiabatic evolution.
Beyond photoisomers, chemistry features other autonom-
ous quantum machines: Photosynthetic complexes trans-
form light into chemical energy [103], enzymes intercon-
vert molecules with help from tunneling [104], etc.

4. One can imagine granting quantum sensors
autonomy [105]. Quantum sensors detect small mag-
netic fields and temperature gradients [106]. Realizations
include nitrogen-vacancy centers in diamond, neutral
atoms, trapped ions, superconducting qubits, optomech-
anical oscillators, and more [106, section III]. External
control includes microwave pulses and placement near

9 Autonomous quantum computing is not synonymous with quantum machine
learning. During the latter, an input state undergoes quantum gates that may
be implemented via time-dependent external control. For instance, some plat-
forms undergo single-qubit gates when an external field is switched on and off.
Such time-dependent external control is incompatible with autonomous oper-
ation. However, quantummachine learning might be rendered autonomous, in
our sense of the term, similarly to ordinary quantum computing.

the to-be-detected source. For instance, experimentalists
have injected nanodiamond sensors into embryo tissues
whose temperatures need measuring [107, 108]. One can
envision quantum sensors that reach and report about
sources autonomously. For example, a photoisomer—a
natural autonomous quantum photodetector—might follow
a potential gradient in its environment until reaching a light
source. Alternatively, functional groups can be attached
to larger quantum objects, such as molecules, and have
been proposed in sensing applications [109]. The molecule
could serve as a vehicle for transporting the functional-
group sensor.

5. In a fifth illustration of possible autonomous quantum
machines, we let our imaginations loose. One can envis-
age autonomous quantum machines assembling bespoke
molecules, servicing quantum computers, delivering atoms
as drones, or building other quantum devices. Such
machines may seem like castles in the air. But so did
controlled quantum computers, decades ago; and quantum
computers have been built and are being scaled up.
DiVincenzo’s criteria have guided quantum computers from
castle-in-the-air status to reality [110]. He posited five cri-
teria necessary for building a quantum computer, plus two
optional criteria necessary for information transmission.

Analogously, we posit eight criteria necessary for build-
ing a useful autonomous quantum machine. Two optional
criteria concern transportation and information transmission.
We devised these criteria by thinking fundamentally about
what autonomous quantum machines need and do, as well
as by abstracting general principles from example machines
in the literature. Our criteria therefore concern a general
autonomous quantum machine, regardless of its task (work
extraction, cooling, timekeeping, etc). However, we illus-
trate our criteria with example machines that undertake spe-
cific tasks, including the example machines mentioned above
(engines, refrigerators, clocks, etc). Also, we illustrate with
various possible platforms (superconducting qubits, neutral
atoms, etc). This approach parallels DiVincenzo’s: he could
not detail his criteria’s realizations in all possible quantum-
computing platforms. Therefore, he posited general principles
and illustrated them. We hope that our criteria, analogously
to DiVincenzo’s, guide experimentalists in realizing useful
autonomous machines. Before presenting our criteria, we stip-
ulate what we mean by machine, autonomous, and quantum.
The criteria appear in section 2. Section 3 details practical
challenges and possible solutions to them.

1. Definitions

Before presenting our criteria, we specify meanings for
machine, autonomous, and quantum. Alternative definitions
may exist, as the terms are broad. Still, we believe our defini-
tions to be reasonable. Furthermore, specifying them will cla-
rify our criteria:
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(a) Machine: A physical device, potentially formed from com-
ponents working together, that harnesses energy to accom-
plish a task.

(b) Autonomous: A machine is autonomous if its total micro-
scopic Hamiltonian is not changed by any agent using
the machine. An autonomous machine’s user performs no
thermodynamicwork on themachine during themachine’s
operation. Work tends to be defined through changes in
the system-of-interest Hamiltonian, in quantum thermody-
namics [80]10.

Microscopic Hamiltonians contrast with effective
Hamiltonians. An effective Hamiltonian can result from
shifting a microscopic Hamiltonian into a rotating refer-
ence frame, then dropping small terms. A microscopic
Hamiltonian remains constant in the absence of time-
dependent external drives.

(c) Quantum: A system is quantum if the axioms of quantum
theory describe the system usefully. Quantum systems
can, but need not, exhibit quantum phenomena such as
entanglement, coherence relative to relevant bases, dis-
cretized spectra, measurement disturbance, contextual-
ity [111–113], and the quantum-computational resource
called magic [114]. Classical systems can approximate
discretized spectra, and classical waves exhibit coherence.
Quantum theory’s axioms describe classical systems, but
not usefully; classical theories offer greater calculational
efficiency and physical insight. For example, quantum the-
ory ultimately models your toothbrush. However, most
physicists would recommend Newtonian mechanics for
describing the trajectory followed by a toothbrush as it
falls. We do not mean nonclassical by quantum. (One
might call a phenomenon nonclassical if, for example,
no noncontextual ontological model [111–113], often
regarded as a classical theory, reproduces the phe-
nomenon.)

Relatedly, this Perspective does not posit criteria under
which autonomous quantum machines generally outper-
form all classical counterparts. Rather, the Perspective
provides criteria under which autonomous quantum
machines are useful.We believe this goal to beworthwhile,
ambitious, and reasonable for the near future. Farther in the
future, another Perspective may posit criteria under which
autonomous quantum machines generally outperform all
classical counterparts.

2. Criteria

This section contains our DiVincenzo-like criteria for realiz-
ing useful autonomous quantum machines. Table 1 summar-
izes the criteria. We denote by σa the Pauli-a operator, for

10 For example, an adenosine-triphosphate molecule provides chemical work
via hydrolyzation: one of its phosphates splits off from the rest of themolecule,
which becomes adenosine diphosphate. The cleaving of the bond releases
energy and changes the molecule’s Hamiltonian.

Table 1. Summary: DiVincenzo-like criteria for autonomous
quantum machines.

Subsection Criterion

1 Access to useful energy
2 Processing unit or target
3 Interactions amongst the machine’s components
4 Timekeeping mechanism
5 Structural integrity
6 Sufficient purity
7 Output worth the input
8 Ability to switch off after completing assignment
9 Mobility (optional)
10 Interoperability (optional)

a= x,y,z; by |1〉, the eigenvalue-1 eigenstate of σz; and by
|0〉, the eigenvalue-(−1) eigenstate.

2.1. Access to useful energy

Useful energy enables one to perform thermodynamic work.
Work empowers a machine to direct its motion—to overcome
its momentum and random buffets from its environment. Free
energy, or a nonequilibrium generalization thereof, offers the
capacity to perform work. A machine can access this energy
directly or indirectly, as we now discuss.

We label as a battery any system that reliably stores (the
capacity to perform) work and from which work can reli-
ably be retrieved. Small-scale batteries include adenosine tri-
phosphate (ATP), a molecule that powers chemical reactions
in cells. Autonomous classical nanowalkers leverage ATP, as
discussed under criterion 2.9. Quantum thermodynamics fea-
tures multiple battery models (e.g. [115–121]), many ideal-
ized. Examples include a work bit, a two-level system gov-
erned by a Hamiltonian∆σz, for∆> 0 [115, 116]. A work bit
charges during |0〉 7→ |1〉 and provides work during |1〉 7→ |0〉.

Other energy sources provide work indirectly. They are
nonequilibrium systems that contain free energy (or a general-
ization thereof), which amachine can harvest to produce work.
Often, such systems have gradients of temperature, chem-
ical potential, or other generalized thermodynamic forces. The
commonest example consists of two heat baths. One, at a tem-
perature TC , is out of equilibrium with a heat bath at a tem-
perature TH > TC . Heat flows between the baths. This heat is
not work, so the temperature gradient does not provide work
directly. However, a machine can siphon off a fraction of the
current and transform it partially (in accordance with Carnot’s
theorem) into work. Such machines are called absorption
machines [74]. Superconducting-qubit machines have been
fueled by heat baths of two types: resonators [122] and thermal
fields propagating through microwave waveguides [75].
Despite providing energy, baths can threaten the purity of a
machine’s state. Yet, as discussed under criterion 2.6, non-
Markovian baths, which retain memories, can revive lost
purity.
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2.2. Processing unit or target

A processing unit receives and uses the energy accessed by
the machine (criterion 2.1). For example, a quantum cir-
cuit’s processing units are qubits that store quantum inform-
ation that undergoes logic gates. Platforms for gate-based
quantum computing include trapped ions [123], ultracold
atoms [124], superconducting qubits [125], photonics [126],
molecules [127, 128], quantum dots [96, 129], color centers
in diamond [130], and more. In an autonomous quantum clock
(described under criterion 2.4), a processing unit ticks, emit-
ting excitations.

A machine’s purpose can be to operate on a target. For
instance, a refrigerator’s target is the system that undergoes
cooling. An engine’s target may be a battery that stores the
energy extracted by the engine. A drone’s target may be a
package to be delivered.

2.3. Interactions amongst the machine’s components

The interacting components can include the components inter-
facing with the energy source (criterion 2.1), a processing
unit (criterion 2.2), a target (criterion 2.2), and a timekeep-
ing device (criterion 2.4). We illustrate interactions with two
examples: a quantum absorption refrigerator and a switch.

2.3.1. Quantum absorption refrigerator. A simple quantum
absorption refrigerator consists of three qubits: a hot, a cold,
and a target qubit (figure 2(a)) [25, 74]. The hot qubit, H,
evolves under a Hamiltonian HH =∆Hσz, wherein ∆H > 0.
This qubit exchanges heat with a thermal bath at a temper-
ature TH = 1/βH. (We set Boltzmann’s constant to kB = 1.)
Hence H begins in the thermal state e−βHHH/ZH. The parti-
tion function is ZH := Tr(e−βHHH). The cold qubit, C, evolves
under a HamiltonianHC =∆C σz with a larger gap:∆C >∆H.
C thermalizes with a bath at the lower temperature TC < TH, to
the state e−βCHC/ZC . The refrigerator cools the target qubit, T ,
which evolves under the Hamiltonian HT =∆T σz, wherein
∆T > 0.

To analyze the absorption refrigerator, we invoke the
density operator’s statistical interpretation: We can imagine
running the refrigerator many times. Each time, H begins
in an energy eigenstate, |1〉 or |0〉, selected according to
the Boltzmann distribution {e−βH∆H/ZH, eβH∆H/ZH}. The
cold qubit begins in an energy eigenstate selected analogously.
In an illustrative ‘trial,’ H begins excited (in |1〉), while C and
T begin de-excited (in |0〉). The hot and target qubits emit their
excitations into C, via the three-body interaction

|1〉H|0〉C |1〉T ↔ |0〉H|1〉C |0〉T . (1)

Effective three-body interactions are necessary for autonom-
ous cooling [25]. They can be effected perturbatively with
simultaneous two-body interactions [32, 34, 46, 75]. The
exchange (1) occurs only if ∆H +∆T =∆C—under a con-
dition called strict, or microscopic, energy conservation [131,

Figure 2. Interactions amongst components: The quantum
absorption refrigerator and clock evolve under similar
Hamiltonians. However, the machines’ qudits have different energy
gaps: the refrigerator’s ∆H <∆C , whereas the clock’s ∆H >∆C .
Also, the number of the target’s energy gaps can differ between
machines. The gaps, with the baths’ temperatures (TH and TC),
determine the direction in which energy flows.

132]. The thermal qubits’ gaps and temperatures bias the inter-
action (1) to the right. Ending in its ground state, T has under-
gone cooling by the refrigerator.

2.3.2. Switch. The second interaction example involves a
switch, a component that keeps time and controls the rest of
the machine. Denote by S a switch whose Hilbert space has
an eigenbasis {|φj〉} [133, supplementary note VIII]. If S is
in state |φj〉, then a Hamiltonian Hj evolves the rest of the
machine. Under different Hj’s, the machine performs differ-
ent tasks. For example, Hj can denote the jth gate available to
an autonomous quantum circuit. A Hamiltonian HS evolves
the switch’s state between |φj〉’s. If the rest of the machine has
a constant Hamiltonian HR, the total Hamiltonian is

Htot =
∑
j

(Hj ⊗ |φj〉〈φj|)+HS +HR. (2)

Identity operators1 are implicitly tensored onwherever neces-
sary for each operator to act on the full Hilbert space.

Photoisomerswere argued to contain switches [appendixD]
[134]11. A photoisomer has two degrees of freedom (DOFs),
one nuclear and one electronic. The nuclear DOF, being
heavy and slow, determines the electronic DOF’s potential
landscape. After photoexcitation, some nuclei rotate away
from others under HS = ℓ2φ/(2I). ℓφ denotes the angular-
momentum operator, and I denotes the moment of inertia.
φ labels the nuclei’s relative angular position (figure 3). The
angles form a continuous set; so the sum in equation (2)
becomes an integral, and Hj becomes H(φ). HS evolves the
nuclear configuration from some initial angular position |φ0〉

11 Photoisomers are often called molecular switches. Molecular switches
should not be confused with the switches described in the previous
paragraph—timekeeping switches that control the rest of a machine.
Molecular switches contain timekeeping switches, according to [134].
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Figure 3. Photoisomer: The molecule can switch between cis and
trans configurations as some of its nuclei rotate. Adapted with
permission from [134], © 2020 American Physical Society.

to other |φ〉’s. Rotating, the nuclear DOF changes the poten-
tial landscape and so the H(φ) experienced by the electronic
DOF, which forms the rest of the machine.

We have discussed switches under criterion 2.3 to elucidate
their interactions with the rest of their machines. As timekeep-
ers, though, switches belong also under the following criterion.

2.4. Timekeeping mechanism

Timekeeping devices include the switches introduced in the
previous subsection; clocks, which tick regularly; and timers,
which announce when programmable amounts of time have
passed. Below, we review a simple autonomous quantum
clock. Then, we discuss timekeeping mechanisms not formed
from physical devices. Finally, we delineate three purposes of
autonomous quantum machines’ timekeeping mechanisms.

2.4.1. A simple autonomous quantum clock. If a device is to
be autonomous and quantum and to contain a clock, the clock
must be autonomous and quantum. Reference [56] introduced
a simple, idealized autonomous quantum clock (figure 2(b)).
The clock contains a hot qubit H and a cold qubit C, like
the absorption refrigerator under criterion 2.3. H has the lar-
ger gap here, however: ∆H >∆C . The clock contains also a
ladder L of d energy levels: HL =

∑d−1
j=0 j∆ | j〉〈 j |. L begins

in its ground state, |0〉. The qudits (multilevel quantum sys-
tems) undergo a three-body interaction similar to the quantum
absorption refrigerator’s equation (1):

|1〉H|0〉C |0〉L ↔ |0〉H|1〉C | j〉L. (3)

The ladder state | j〉 satisfies strict/microscopic energy con-
servation through ∆H =∆C + j∆. The condition ∆H >∆C
biases the interaction (3) rightward. The hot qubit, de-exciting
(undergoing |1〉 7→ |0〉), drives the cold qubit upward in energy
(through |0〉 7→ |1〉) and drives the ladder system upward
(through |0〉 7→ | j〉). The baths reset H and C, and the process
repeats. Upon reaching its top rung, the ladder system ticks—
emits an excitation—returning to |0〉.

The foregoing model is a simple one intended to cap-
ture the basic physics. Such a clock would keep time poorly.
Schwarzans et al mitigate this challenge with a more com-
plex clockwork [58]: Each ladder transition interacts withmul-
tiple pairs of hot and cold qubits. As the number of pairs

grows and as d grows, ‘a perfect clockwork can be approx-
imated arbitrarily well’ [58]. More precisely, denote by ρt
the ladder’s time-t state. When a tick should happen, all the
probability weight occupies the top rung: 〈d− 1|ρt|d− 1〉= 1.
Otherwise, no probability weight does: 〈d− 1|ρt|d− 1〉= 0.
Granted, entropy production accompanies timekeeping; a tick
requires not only probability concentration, but also emission
to the environment. This entropy production decrees a tradeoff
between accuracy and resolution [58, 135]. Conveniently,
autonomous quantum clocks appear to be well-positioned to
operate near the fundamental bounds on quality [58]. More
work is required to advance the theory and realization of
autonomous quantum clocks to such a level, however, as dis-
cussed in section 3.

Possible physical realizations include cavity quantum elec-
trodynamics (QED). Atomic energy levels may realize the lad-
der. So may transmon superconducting circuits, whose low-
est d energy levels can serve as d-level qudits [136–138].
Ticking, the ladder would emit a photon by spontaneous emis-
sion into the cavity. Challenges include preventing the ladder
from ticking until it reaches |d〉. Another challenge is detect-
ing single photons: Superconducting qubits emit microwave-
frequency photons, whose low energies can escape detection.
However, single-microwave-photon detectors formed from
superconductors [139, 140] and calorimeters [141–146] are
under development.

Figures of this clock’s merit include its accuracy, N [58].
Denote by t̄ the average time interval between ticks; and by
∆t, the standard deviation in that time interval. The accur-
acy is N := (̄t/∆t)2. To interpret it, we consider the limit as
the number of ticks, assumed to be distributed independently
and identically, approaches infinity. N equals the number of
ticks that pass, on average, before the clock is off by one tick.
One can improve N and other figures of merit by complicating
the clockwork [58]. We discuss figures of merit further under
criterion 2.7.

2.4.2. Timekeeping mechanisms other than physical devices.
Not all autonomous quantum machines need timekeeping
devices as physical components. The finiteness of a machine’s
energy resources (criterion 2.1) can induce a timer, as can
the machine’s coherence, we explain under criterion 2.8.
Furthermore, some autonomous quantum engines operate con-
tinuously: They undergo fixed dynamics, rather than cycles
formed from discrete (timed) strokes [79].

2.4.3. Timekeeping mechanisms’ purposes. An autonom-
ous quantum machine’s timekeeper fulfills three purposes.
First, the timekeeper ensures that the machine initiates an
action at the right time. For example, a quantum circuit should
begin each gate during the appropriate part of a computation. A
Rydberg-atom computer [124] might autonomously perform
a Rydberg-blockade entangling gate [147] as follows. Let the
circuit have an autonomous quantum clock that ticks by emit-
ting an excitation. Two excitations can boost two atoms to their
Rydberg (high-energy) states. The excited atoms will repel
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each other, entangling. Two more excitations may stimulate
emissions from the atoms, which will return to their ground
states.

An implementation of autonomous two-qubit Rydberg-
atom gates is being designed [148]; we sketch the idea here.
To manipulate Rydberg atoms, the clock ticks will need to
satisfy stringent requirements—to qualify as pulses of high
intensities, specific durations, etc. These requirements may be
satisfied by a passive mode-locked laser [149, 150]. Such a
laser contains a medium that absorbs light whose intensity
lies below a certain threshold. Once the intensity exceeds the
threshold, the laser emits a pulse. Mode-locking techniques
stabilize and regularize the laser pulses, albeit at the expense
of pulse duration [149]. Example techniques include colliding-
pulse and additive-pulse mode locking. The laser will emit
pulses until depleting its atoms of energy. At this point, the
Rydberg-atom qubits will quit undergoing gates.

One might be concerned that an autonomous quantum
circuit cannot undergo single-qubit gates: classical external
fields often effect single-qubit rotations. However, autonom-
ous quantum circuits may implement Brownian circuits [151,
152]. Brownian circuits have recently elucidated properties of
chaos, randomness, and scrambling [153–155]. Such circuits
can consist solely of two-qubit (and even nearest-neighbor)
interactions and so may amenable to autonomous quantum
computation.

Second, the timekeeper ensures that the machine per-
forms an action for the desired amount of time. For example,
a quantum circuit implements a gate by effecting some
Hamiltonian for the correct time interval. Xuereb et al cal-
culated the average fidelity F̄ of a CNOT gate U approxim-
ated with an autonomous quantum clock of accuracy N [156].
The evolution implemented is a channel E . Denote by dψ
the Haar measure (loosely speaking, the uniform measure)
over the set of two-qubit pure states |ψ 〉. The average fidel-
ity is defined as F̄ :=

´
dψ 〈ψ |U†E(|ψ 〉〈ψ |)U|ψ 〉. According

to [156], F̄ = (2+ e−π2/(2N))/3. The clock accuracy N expo-
nentially influences the correction to the constant 2/3. Third,
a timekeeper ensures that the machine turns off, satisfying cri-
terion 2.8, upon completing its task.

2.5. Structural integrity

Imagine placing three atoms beside each other, as with optical
tweezers. If left unattended, the atoms will drift apart. A
machine’s components must not separate, lest they cease to
satisfy the interaction criterion 2.3. Denote by r the distance
between two components. If they carry electric charges, the
Coulombic interaction potential between them weakens as
r−1. Alternatively, the components may be atoms or molecules
excitable to Rydberg states. If so, the Rydberg-blockade poten-
tial decreases as r−6 [124]. An autonomous quantum machine
formed from multiple atoms, ions, etc requires trapping, as by
lasers. Laser light, forming a wave, provides a time-dependent
external potential. Hence a laser-trapped machine can be
autonomous only if the trapped spatial DOFs play no role in
the machine’s functioning. Those DOFs’ Hamiltonian must

commute with the microscopic Hamiltonian that governs the
machine’s operation.

Yet a machine need not consist of physically separated
components. A photoisomer functions as an autonomous
quantum energy transmitter, as explained in the introduc-
tion. The molecule contains an autonomous quantum clock,
according to [134]. Similarly, photosynthetic complexes [103]
and enzymes [104] are autonomous machines modeled use-
fully with quantum theory. A molecule can therefore form an
autonomous quantum machine. So can an atom, arguably12.
For example, three atomic energy levels can form an autonom-
ous engine or refrigerator [2, 3, 25]. Not only natural particles,
but also artificial devices can form self-contained autonomous
quantummachines: Superconducting qubits cannot separate if
printed on the same chip. Neither can the dopants that host
qubits on solid-state surfaces; and neither can the gate elec-
trodes that define quantum dots, being grown or printed on a
semiconductor chip.

2.6. Sufficient purity

In this subsection, we define purity and compare it with
coherence. Next, we explain the sufficient in the subsection’s
title. We then discuss the tradeoff between purity and access-
ible energy (criterion 2.1). Non-Markovianity may soften the
tradeoff.

Purity is defined as follows. Denote by ρ an arbitrary
quantum state (density operator) defined on a d-dimensional
Hilbert space H . ρ has an amount P(ρ) := Tr(ρ2) of purity.
If ρ is pure (if ρ= |ψ 〉〈ψ | for some |ψ 〉 ∈ H ), thenP(ρ) = 1.
If ρ is the maximally mixed state 1/d, then P(ρ) = 1/d. A
machine’s processing unit, target, timekeeping device, and/or
output might require purity at various times.

One might expect our criteria to include coherence, rather
than purity. In quantum thermodynamics, coherence relative
to the energy eigenbasis often serves as a resource (e.g. [57,
134, 157–165]). To quantify this coherence, we suppose that ρ
evolves under a Hamiltonian H=

∑
jEj| j〉〈 j |. For j 6= k, the

off-diagonal element ρjk := 〈 j|ρ|k〉 is a coherence. Mode ω
of coherence is defined as ρ(ω) :=

∑
j,k :Ej−Ek=ω ρjk| j〉〈k| and

quantified with, e.g.
∑

j,k:Ej−Ek=ω |ρjk| [166, 167]. Despite its
applications in timekeeping and work extraction, such coher-
ence can be undesirable. For instance, qubits are often initial-
ized to near their ground states [168], |0〉, before a quantum
computation. Resetting computational qubits, an autonom-
ous quantum refrigerator destroys coherences relative to the
energy eigenbasis. Still, the refrigerator enhances the qubits’
purities. Hence our criteria’s including purity, rather than
coherence.

Our criteria include sufficient purity for two reasons: (i)
different machine components may require different amounts
of purity. (ii) One component may require different amounts
of purity at different times. We illustrate with the quantum

12 The atomic levels analyzed in [2, 3, 25] interacts with heat baths whose
frequencies are filtered. One might count the filters as parts of the machine.
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absorption refrigerator described under criterion 2.3. The hot
and cold qubits, interacting with finite-temperature baths,
are always mixed. The target requires purity—closeness to
|0〉—but only when the protocol ends. In contrast, suppose
that an autonomous quantum clock’s ladder (figure 2(b)) is
mixed at any time. The clock’s accuracy seems likely to suf-
fer [56]. Similarly, a quantum circuit must retain enough
purity to meet the threshold for fault-tolerant quantum error
correction throughout its computation [169–171]. The error
rate is 0.6%–1% for the two-dimensional surface code [172,
173]. Via external control, two-qubit fidelities of ⩾99.5%
have been achieved with trapped ions [123], superconducting
qubits [125], and neutral atoms [174].

The sufficient-purity criterion trades off with the
accessible-energy criterion 2.1. As described below 2.1,
an autonomous quantum machine may extract energy from
heat baths. The baths reduce the machine’s P(ρ). However,
non-Markovianity can revive a machine’s purity [175]. A
non-Markovian bath retains a memory; information, upon
entering the bath from the machine, can recollect and act
back on the machine. Non-Markovianity can arise from
strong system–bath couplings, small baths, low temperatures,
and initial system–environment couplings. One can engin-
eer non-Markovianity from a Markovian environment: One
would mediate machine–environment interactions through
a memory-retaining interface [176]. Mediating supercon-
ducting qubits, the interface could be a resonator or a cav-
ity. A long lifetime or hysteresis would provide memory.
Appendix A illustrates non-Markovianity’s potential for reviv-
ing a machine’s purity. The model there can be realized with
cavity QED. Non-Markovianity, the appendix shows, can help
baths achieve the energy criterion 2.1 while endangering the
purity criterion 2.6 less than Markovian baths do.

2.7. Output worth the input

A machine’s output is intended to fulfill the machine’s pur-
pose. How effectively the output fulfills the purpose depends
on figures of merit. Any agent running a machine can choose
their favorite figures of merit, as well as their thresholds for
acceptable figure-of-merit values. Due to this analysis’s agent-
centric nature, no Perspective can prescribe ‘one figure of
merit to rule them all’, even for one machine. Instead, we illus-
trate with eight figures of merit for four machines. Then, we
detail input costs, including energy, time, and control.

2.7.1. Example figures of merit. First, a clock outputs ticks
(emitted excitations). Its figures of merit include the accuracy,
N := (̄t/∆t)2, described under criterion 2.4. Another figure of
merit is the resolution [56]. Recall that t̄ denotes the average
time between successive ticks. The resolution is 1/̄t.

Second, a quantum circuit outputs a state σ that approx-
imates an ideal ρ. Figures of merit can quantify the dis-
tance between the states. For example, the fidelity is(
Tr
√√

σρ
√
σ
)2
.

Third, an engine outputs work. Denote by Ẇ the power
and by Q̇H the current of heat flowing from the engine’s hot
bath. Figures of merit include the steady-state efficiency, η =
Ẇ/Q̇H; the power, Ẇ; and the efficiency at maximum power,
maxη{Ẇ}.

Fourth, a refrigerator outputs a cooled target, T , whose
final temperature quantifies the refrigerator’s effectiveness. So
does the refrigerator’s steady-state coefficient of performance
(COP), the analogue of the engine’s efficiency: Denote by Q̇T
the current of heat extracted from T and by Q̇H the current
of heat flowing from the hot bath. The steady-state COP is
Q̇T /Q̇H [74].

2.7.2. Input costs. Each figure of merit above measures an
output’s quality. The efficiency and COP compare outputs
with their input costs. Comprehensive figures of merit capture
such comparisons [177]. Inputs can include energy, time, and
control. We illustrate energy with a single-atom engine and
a quantum refrigerator. Then, we distinguish two input costs:
the fabrication of an autonomous quantum machine and the
preparation of a fabricated machine for one trial. If the pre-
paration is simple enough, and the machine executes enough
trials, the total output can outweigh a large fabrication cost.

As explained in the introduction, one can expect≈1 eV per
cycle from a natural-atom engine. Calculating a heat engine’s
efficiency, one counts as input only the heat absorbed by the
engine from its hot environment. Yet cooling and initializing
the engine can cost orders of magnitude more than≈1 eV. The
quantum engines realized so far, to our knowledge, cost more
work than they output. Once experimentalists finish exploring
the fundamentals of quantum engines, quantum engines will
merit realization only if they meet the present criterion—only
if their outputs merits the total input.

Aamir et al [75] showed how an autonomous
superconducting-qubit refrigerator can cost little input. The
quantum refrigerator sits inside a dilution refrigerator, which is
already cold because it hosts a superconducting-qubit quantum
computer. Keeping the quantum refrigerator cold (at a temper-
ature low enough to support quantum phenomena) therefore
costs negligible energy per qubit. The dilution refrigerator
consists of layers, which progress from hot to cold when tra-
versed from outermost to innermost. The innermost layer can
serve as the quantum refrigerator’s cold bath. An outer layer
can serve as the hot bath, connected to the quantum refrigerator
via a waveguide. Operating the quantum refrigerator therefore
costs little beyond the energy sunk into the quantum com-
puter. Other autonomous quantum machines might achieve
a high output–input ratio similarly if slotted into appropriate
environments.

The autonomous quantum refrigerator illustrates how
reusable machines cost two input processes: fabrication, as
well as preparations for individual trials. Fabrication is the
creation of the machine. Fabricating an autonomous quantum
refrigerator involves creating a nanoscale chip. Similarly, fab-
ricating a classical drone can cost a factory—an enormous
amount of money, person hours, real estate, and equipment.
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Once a factory exists, though, creating and programming
drones is relatively simple. The factory can easily produce
many drones, each of which may easily be programmed
to deliver many packages. The total number of packages
delivered can outweigh the large fabrication cost, plus the
smaller single-delivery cost times the number of deliveries.
Similarly, once one fabricates a quantum refrigerator, initi-
ating it to cool a target is simple: the available hot environ-
ment prepares one qubit in a high-temperature thermal state,
and the cold environment prepares another qubit in a low-
temperature state [75]. Additionally, upon fabricating one
quantum-refrigerator chip, a lab or company may fabricate
others easily. The small single-trial cost, times the total num-
ber of trials, should outweigh the fabrication.

2.8. Ability to switch off after completing assignment

At least three mechanisms can spur an autonomous quantum
machine to shut down. First, consider a machine that contains
an autonomous quantum clock (criterion 2.4). The clock can
galvanize not only steps in the rest of the machine’s opera-
tion (e.g. gates implemented at the right times), but also a
halt. Second, the machine accesses only a finite amount of
energy (criterion 2.1)—for instance, finite-size hot and cold
baths. Depleting the energy source winds the machine down.
Consider a machine formed from natural or artificial atoms in
a cavity. The cavity could be populated initially with finitely
many photons, which would provide a finite energy source.

Third, components of the machine can require varying
degrees of purity to operate (criterion 2.6). Hence the com-
ponents’ coherence times limit the operation time. We illus-
trate with a qubit with a ground state |0〉, excited state |1〉, and
time-evolving density operator ρ(t) =

∑1
j,k=0 ρjk(t)| j〉〈k|, for

t⩾ 0 [178]. Over the amplitude-damping time T1, the excited-
state weight ρ11(t) decays to 1/e of its initial value: ρ11(T1) =
ρ11(0)/e. Over the phase-damping time T2 < T1, the off-
diagonal elements decay similarly: ρjk(T2) = ρjk(0)/e ∀j 6= k.
Of the quantum-computing platforms, nuclear spins excel at
maintaining coherence: Europium dopants in a solid (yttrium
orthosilicate) have achieved a six-hour T2 time [179]. Isolated
171Yb+ ions have exhibited T2 times of over an hour [180],
although collections of ions decohere more quickly [123].

2.9. Mobility (optional)

DiVincenzo listed two optional criteria necessary for transmit-
ting information from place to place. Our optional criteria, 2.9
and 2.10, concern the transmission of machines and of mes-
sages between machines. Mobility would benefit autonom-
ous quantum machines including delivery drones, sensors that
navigate to their targets, and machines that build molecules
(or other machines). External potentials and accessible energy
(criterion 2.1) can help machines achieve directionality.

We illustrate with autonomous classical nanowalkers,
which may inspire builders of autonomous quantum walk-
ers. Reference [181] reports on a nanowalker, formed from
a DNA strip, walking along a track consisting of more DNA

strips. The nanowalker burns ATP as fuel. Enzymes ensure
the nanowalker’s directionality: One enzyme ligates (joins
together) the walker and the next site, and another enzyme
cleaves the walker from the previous site.

Intriguingly, single organic molecules may serve as
quantum sensors: Pentacene in a p-terphenyl crystal has spin
properties sensitive to its environment. These spin prop-
erties have been read out optically [182, 183]. Whether
organic-molecule detectors can merge with organic-molecule
nanowalkers is far from clear, however. For starters, the detect-
ors require certain absorption and stability properties; not any
organicmolecule will serve. Nonetheless, in the blue-sky spirit
of this Perspective, one might imagine quantum sensors that
propel themselves to their targets.

2.10. Interoperability (optional)

Autonomous quantum machines may communicate with each
other and work together. Communications may occur via (at
least) two mechanisms.

First, machineAmay emit a signal formachineB to absorb.
For example, we envisioned an autonomous quantum clock
emitting a photon absorbed by an autonomous Rydberg-atom
circuit (under criterion 2.4)13. A and B must satisfy three
requirements:

(1) B must be physically able to detect A’s signal. For
example, denote by h̄ω the excitation’s energy, by ΩB
the bandwidth of B, and by E0 the center of B’s energy
spectrum. The energy must lie in the bandwidth: h̄ω ∈
[E0 −ΩB/2, E0 +ΩB/2].

(2) The signal must, given condition 1, have a sufficiently high
probability of affecting B. The excitation’s momentum
should direct the signal toward B, and no intervening
medium should swallow the signal. Once the excitation
arrives, B should have a high probability of absorbing it.
Fermi’s golden rule can mediate this probability, govern-
ing the rate Γi7→f at which B jumps from a state |i〉 to any
energy-Ef state |f〉: Γi7→f =

2π
h̄ |〈f|H ′|i〉|2µ(Ef).H′ denotes

the excitation-induced perturbation to B’s Hamiltonian.
µ(E) denotes the density of B’s energy-E states. If B
absorbs the signal through a photodetector, the external
efficiency quantifies how effectively B satisfies require-
ment 2. One can achieve a high efficiency upon match-
ing A’s and B’s impedances. Impedance matching has
enabled nearly perfect photon absorption by a cavity-QED
detector [184, 185]. The scheme leveraged the detector’s
Λ-type energy-level structure, albeit nonautonomously.
Apart from impedance matching, realistic interconnects
entail other engineering challenges, such as losses in the
interconnects.

(3) After absorbing a signal, B might take time to reset
before being able to absorb another signal. Denote this

13 Under criterion 2.4, we cast the clock as a part of the circuit. Here, we cast
the clock as separate but as aiding the circuit.
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dead time by τD. Suppose that A sends multiple sig-
nals. The time interval τ between them should be τ ⩾
τD. Photodetectors have dead times, a typical example of
which is 20 ns (e.g. [186]). Also, consider a photoisomer
that has absorbed a photon and rotated into a metastable
configuration. The molecule must re-equilibrate before
undergoing another photoexcitation. The metastable con-
figuration can have a half-life of two days, in solution at
room temperature, if the photoisomer is azobenzene [99].

Under the second signaling mechanism, machineA arrives
near B, changing the external potential experienced by B.
Again, we illustrate with a photoisomer. Some of its nuclei
rotate through many |φ〉’s, in the notation under criterion 2.3.
Advancing so, the nuclei change the electronic DOF’s poten-
tial landscape—change H(φ).

In another example, a qubit and a bosonic mode undergo a
dispersive interaction. Such interactions are common in cav-
ity QED, the qubit manifesting as a natural or artificial atom.
The dispersive interaction is effective (approximate), and we
omit the derivation [187]. During it, one attributes to the qubit
an effective gap 2∆; to the mode an effective frequency ω,
a creation operator a†, and an annihilation operator a; and
to the coupling a strength χ. We set h̄= 1. The dispersive
Hamiltonian is

∆σz +ωa†a+χσza
†a. (4)

If the qubit is excited (in |1〉), it effectively adds 2χ to the
mode’s frequency. Analogously, if the mode is occupied, it
effectively adds χ to the qubit’s gap. Each subsystem there-
fore affects the other’s Hamiltonian.

3. Outlook

We have proposed DiVincenzo-like criteria for autonomous
quantum machines. Eight criteria, we regard as necessary
for most autonomous machines’ useful operation. Satisfying
the remaining two criteria, machines can move and inter-
face. Appendix B concerns two topics adjacent to our criteria:
instructions (which emerge from other criteria) and measure-
ments (which not all useful autonomous quantum machines
require.)

We emphasize the useful in this section’s second sentence:
The literature has demonstrated that autonomous quantum
machines can be designed and, with effort, realized experi-
mentally. Autonomous quantum machines should now pro-
gress from curiosities to tools, like their classical counterparts.
We hope that our criteria guide the progression, along with
our observations about platforms’ abilities to realize these cri-
teria. Many platforms offer promise: superconducting qubits,
molecules, neutral atoms, trapped ions, quantum dots, single-
electron boxes, and thermoelectric systems, as well as carbon
nanotubes [188].

We now present five challenges in building autonomous
quantum machines, as well as possible solutions. Afterward,
we discuss a yet-more ambitious goal for a future Perspective:

autonomous quantum machines that outperform all classical
counterparts.

1. The community must identify more settings that (i) contain
energy sources usable by autonomous quantum machines
(criterion 2.1) and (ii) support autonomous machines’
quantum behaviors without costing users significant extra
work (criterion 2.7). We have identified one setting: a dilu-
tion refrigerator that has already been cooled to support
quantum computation [75]. Biochemistrymay furnish other
settings. Granted, biochemical systems are warm and wet,
tending to supprehence purity. Yet biochemistry supports
quantum behaviors by photoisomers, enzymes, and more,
as discussed in the introduction. Furthermore, biochemical
systems are far from equilibrium and so contain free energy.

2. Usable energy—especially energy extracted from heat
baths—trades off with purity, as discussed below cri-
terion 2.6. Four strategies suggest themselves: (i) take
advantage of the ‘sufficient’ in the ‘sufficient purity’
criterion: Identify when purity is necessary, and waste
no effort on maintaining unnecessary purity. (ii) Situate
autonomous quantummachines in environments that stabil-
ize desirable quantum states [67], using the toolkit of engin-
eered dissipation [189]. The engineered may suggest that
maintaining the environment requires work from an agent.
This impression is misleading, however. For example, ‘the
Zeno effect [...] is largely passive’ and can raise a sys-
tem’s probability of remaining in its ground state [189].
Engineered dissipation generalizes non-Markovian envir-
onments, discussed in appendix A. (iii) Resolving chal-
lenge 1 can resolve this tradeoff challenge.

3. Realizing controlled autonomous quantum machines is dif-
ficult. For example, companies, governments, and uni-
versities have already poured investments into controlled
quantum computers, whose construction will require many
more years. Realizing autonomous quantum machines
requires advances beyond controlled quantum machines.
Hence experimentalists may lack the motivation to intro-
duce autonomy. We identify three mitigating factors.

First, a practical approach to autonomy runs through par-
tial autonomy. One might remove external control from a
quantum machine step by step. For example, a quantum
computer undergoes a preparation procedure, a trans-
formation, and a measurement [190]. One can grant the
quantum computer partial autonomy by implementing the
preparation procedure [75] or gates [148] autonomously.
Measurement appears to require action by a classical sys-
tem and so not to be implementable by an autonomous
quantum machine. Therefore, autonomous quantum com-
puter appears to be an oxymoron. However, autonomous
quantum state preparations and autonomous quantum cir-
cuits can still be useful.

Second, (partial or complete) autonomy may assist the
quantum machines being built now. For instance, autonom-
ous quantum refrigerators can reset qubits in quantum com-
puters [148]. Also, as discussed in the introduction, pruning
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control wires may improve superconducting-qubit quantum
circuits’ scalability and coherence times.

Third, autonomous quantum machines can enable fun-
damental discoveries, in addition to performing tasks
autonomously. For example, autonomous quantum clocks
may enable us to test fundamental limits on timekeeping—
tradeoffs involving dissipation and accuracy [191].

4. Autonomous quantum clocks may feature in other
autonomous quantum machines, such as autonomous
quantum circuits (criterion 2.4). However, autonomous
quantum clocks have yet to be realized experiment-
ally. Progress on this challenge is already underway. An
autonomous classical clock was recently realized experi-
mentally. Furthermore, it was presented as paving a path
toward a quantum analogue. So has the autonomous-
quantum-refrigerator experiment [75] paved a path: revers-
ing the refrigerator and altering its parameters enables a
simple clock [56], as discussed under criterion 2.4. Once
the simple clock is realized, increasing the clockwork’s
complexity can improve the accuracy and resolution [58].

5. The theory of autonomous quantum clocks has remained
abstract. Idealizations must be identified and removed.
The theoretical quantum-thermodynamics community has
already begun to address this challenge: [58] introduced a
complex clockwork that improves the simplest autonom-
ous quantum clock’s accuracy and resolution [56]. Other
opportunities for enhanced modeling include the ladder’s
coupling to the environment. The ladder has been assumed
to tick only after most of its probability weight has reached
the top rung. In reality, lower rungs, too, can couple to the
environment. Such realities will naturally be addressed as
autonomous quantum clocks are built experimentally—as
challenge 4 is addressed.

Overcoming the above five challenges is necessary for
realizing diverse useful autonomous quantum machines. A
sixth challenge is unnecessary for achieving that goal but
merits mentioning: developing diverse autonomous quantum
machines that outperform all classical counterparts. We have
not discussed that goal because building useful autonomous
quantum machines is sufficiently difficult and worthwhile.
Once many such machines exist, however, beyond-classical
performance will constitute a natural next step. Granted,
autonomous quantum circuits must outperform all classical
counterparts to be useful. However, one example does not
justify the inclusion of beyond-classical performance in our
general criteria. Furthermore, criterion 2.7 (output worth the
input) can encode beyond-classical performancewhen tailored
to quantum circuits.
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Appendix A. Non-Markovianity’s potential for
reviving a machine’s purity

We follow [175]. That reference presents a setup common
in cavity quantum electrodynamics: Consider a qubit S gov-
erned by a Hamiltonian HS =∆σz with an energy splitting
2∆> 0. As usual, we label the ground state as |0〉 and the
excited state as |1〉. A bosonic environment E evolves under a
Hamiltonian HE =

∑
ℓωℓ a

†
ℓaℓ. Mode ℓ corresponds to energy

ωℓ, to an annihilation operator aℓ, and to a creation operator
a†ℓ . The mode begins in its vacuum state. In the rotating-wave
approximation, S couples to E via the Jaynes–Cummings
Hamiltonian Hint =

∑
ℓ

(
gℓσ+aℓ + g∗ℓσ−a

†
ℓ

)
. The qubit has

raising and lowering operators σ+ := |1〉〈0| and σ− := |0〉〈1|,
and the gℓ’s denote coupling constants. Denote by ρS/E(t) the
time-t reduced state of S/E in the interaction picture. Let S
and E begin in a product state ρS(0)⊗ ρE(0), ρE(0) being the
bath’s vacuum state.

S evolves under a linear, completely positive map Φt as
ρS(t) = Φt ρS(0). The time-evolved state is represented, rel-
ative to the energy eigenbasis, by a matrix with elements
ρjk(t) := 〈 j|ρS(t)|k〉, wherein j,k ∈ {0,1}. The matrix ele-
ments evolve under a complex decoherence function G(t):

ρS (t) =

[
1− |G(t) |2 ρ11 (0) G(t) ρ01 (0)

G(t) ρ10 (0) |G(t) |2 ρ11 (0)

]
. (A1)

To specify G(t), we assume that E has a Lorentzian spec-
tral density function (SDF) of width λ. Define the function
λ ′ :=

√
λ2 − 2γ0λ, whose γ0 depends on the couplings gℓ.

Suppose that the mode is on resonance with the qubit: The
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Figure 4. Coherence and purity at strong coupling: A bosonic mode decoheres a qubit initialized in (|0⟩+ |1⟩)/
√
2. The Lorentzian width

λ= 1. The coupling γ0 = 50λ/2 is strong, so the bath is non-Markovian. For all t, the decoherence function G(t) ∈ R. G(t) and the purity,
P(ρS(t)), oscillate. Hence non-Markovianity can revive the purity. (P eventually reaches 1 because the evolution maps all states to |0⟩.).

Figure 5. Coherence and purity at weak coupling: The setup is mostly as for figure 4. However, the coupling γ0 = 0.4λ is weak. Unlike in
figure 4, G(t) and P do not oscillate.

SDF is centered at ∆. The decoherence function becomes

G(t) = e−λt/2

[
cosh

(
λ ′t
2

)
+
λ

λ ′ sinh

(
λ ′t
2

)]
. (A2)

If γ0 < λ/2, the coupling is weak, and the bath is Markovian.
G(t) is real and decreases monotonically with t. If γ0 > λ/2,
the coupling is strong, and the bath is non-Markovian.

Figure 4 illustrates effects of a non-Markovian bath, whose
coupling is strong: γ0 = 50λ/2. Figure 4(a) shows the deco-
herence function vs. time. G(t) oscillates, enabling the qubit’s
energy coherences to revive repeatedly. The oscillations’
envelope decays eventually, however, demonstrating a limita-
tion of non-Markovianity as a tool. Figure 4(b) shows the pur-
ity P(ρS(t)) = Tr(ρS(t)2) of a qubit state initialized to (|0〉+
|1〉)/

√
2. Calculated from equations (A1), the purity oscillates

until asymptoting. P asymptotes because S ends up in |0〉, as
the environment began in its vacuum state and so sucks the
energy out of S . However, the oscillations demonstrate that
the environment’s non-Markovianity partially returns S to its
initial state repeatedly. Figure 5 depicts the same quantities—
G(t) and the purity—in the absence of non-Markovianity:
The coupling γ0 = 0.4λ is weak. Neither function oscillates.
Hence non-Markovianity can help baths achieve the energy

criterion 2.1 without threatening the purity criterion 2.6 as
much as thermal baths do, for a time.

Appendix B. Two topics adjacent to the criteria

This section describes the relationship between our criteria and
each of two adjacent topics: instructions and measurements.
Multiple of our criteria, together, imply that useful autonom-
ous quantum machines obey instructions (section B.1).
Furthermore, useful autonomous quantum machines do not
generally require measurements (section B.2).

B.1. Instructions

Certain autonomous quantum machines appear to call for
a ninth criterion: instructions. Instructions could guide an
autonomous quantum drone to walk some distance forward,
turn leftward, and then turn off. In another example, an
autonomous quantum computation should implement one
algorithm, rather than another [192]. Upon satisfying our
criteria, however, one can effect instructions, which form a
kind of emergent criterion. In the first example, one could
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guide the drone with a track covered by the mobility cri-
terion (2.9). The switching-off criterion (2.8) would enforce
the final instruction. In the second example, one can feed
an autonomous quantum computation instructions by lever-
aging a clock (criterion 2.4), interactions (criterion 2.3), inter-
operability (criterion 2.10), etc. Single-purpose machines,
such as autonomous quantum engines, do not require such
instructions.

B.2. Measurements

One might expect our criteria to include measurement, for
two reasons. First, an agent needs confidence in an autonom-
ous quantum machine’s ability to accomplish its mission. One
might gain such confidence by measuring the machine’s out-
put. The need for confidence, however, implies only the need
to test the machine before deployment. The testing need not be
autonomous; only the machine’s operation need be autonom-
ous. Once the agent attains confidence in the machine’s oper-
ation, the testing—the nonautonomous activity—can cease.

Second, typical quantum experiments end with measure-
ments [190]. An autonomous quantum machine’s operation
may appear to constitute a quantum experiment. Hence one
may expect to end such a machine’s operation with a meas-
urement. However, a typical quantum experiment is intended
to furnish information about the natural world or an artifi-
cial system—to answer questions such as does a particular
system exhibit a phase transition? How quickly does a par-
ticular qubit decohere? Which path does a particle traverse?
Autonomous quantum machines are not generally intended to
answer such questions; they serve purposes different from typ-
ical quantum experiments. Quantum refrigerators are inten-
ded to cool, quantum engines are intended to provide work,
molecular switches can be intended to store energy [76], etc.
Hence autonomous quantum machines generally need not fol-
low all the requirements, including measurements, of typical
quantum experiments.

Onemight object that three autonomous quantummachines
provide information about natural and artificial systems, like
typical quantum experiments: autonomous quantum clocks,
sensors, and computers. After all, the clocks described in
section 2.4 answer the question at which point has a pre-
determined time interval passed since the last tick? Sensors
report overtly about their environments. Quantum computers
help answer questions such as what are the prime factors of
a particular number? Still, these three examples do not imply
that autonomous quantum machines generally require meas-
urements. The clocks of section 2.4 do not keep time not for
macroscopic agents who obtain information about quantum
systems only through measurements. Rather, the clocks keep
time for other quantum systems, by emitting excitations. An
open-quantum-systems framework describes such interactions
effectively [56]. Therefore, positive-operator-valued measures
(POVMs)—mathematical representations of quantum meas-
urements [190]—are unnecessary and arguably inefficient as
descriptions. Autonomous quantum sensors may emit excita-
tions similarly to announce their findings. Hence autonomous

quantum clocks and sensors do not necessarily require conven-
tional measurements. Furthermore, criteria 2.4 and 2.7 (time-
keeping mechanisms and output worth the input) cover the
demands on these devices’ outputs; an extra measurement cri-
terion would be redundant. Finally, even if clocks and sensors
required conventional measurements, they would not justify
a measurement criterion, which would be irrelevant to many
other autonomous quantum machines.

Quantum computation does require conventional meas-
urements, according to DiVincenzo’s criteria [110]. Let us
assume, for the sake of argument, that conventional measure-
ments require classical intervention, or are not autonomous.
Fully autonomous quantum computers appear impossible—
not due to impracticality, but because they are oxymorons.
Still, partially autonomous quantum machines can be use-
ful, as detailed in item 3 of section 3. Hence a quantum
computer that undergoes an autonomous state preparation or
an autonomous circuit, followed by a nonautonomous meas-
urement, can be useful. The preparation’s or circuit’s output
(criteria 2.2 and 2.7) would be a quantum state. Therefore,
no measurement would play any role in the autonomous
quantum machine’s operation; a measurement would only fol-
low that operation. For consistency with this point, we often
write autonomous quantum circuit, rather than autonomous
quantum computer, in the main text.

In summary, useful autonomous quantum machines do not
require measurements generally. For example, once a quantum
refrigerator has cooled an ancilla qubit to be used in a quantum
computation, the ancilla should simply be used. It need not be
measured, if the quantum refrigerator has withstood sufficient
testing. Autonomous quantum clocks and sensors do need to
communicate with the classical world. Still, POVMs do not
always represent this need best, and other criteria cover the
need. Quantum computers, requiringmeasurements, cannot be
fully autonomous. Therefore, research should focus on par-
tially autonomous quantum computation—autonomous state
preparation and autonomous quantum circuits.
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[24] Opatrny T, Bräuer Š, Kofman A G, Misra A, Meher N,
Firstenberg O, Poem E and Kurizki G 2023 Nonlinear
coherent heat machines Sci. Adv. 9 eadf1070

[25] Linden N, Popescu S and Skrzypczyk P 2010 How small can
thermal machines be? the smallest possible refrigerator
Phys. Rev. Lett. 105 130401

[26] Levy A and Kosloff R 2012 Quantum absorption refrigerator
Phys. Rev. Lett. 108 070604

[27] Chen Y-X and Li S-W 2012 Quantum refrigerator driven by
current noise Europhys. Lett. 97 40003

[28] Venturelli D, Fazio R and Giovannetti V 2013 Minimal
self-contained quantum refrigeration machine based on
four quantum dots Phys. Rev. Lett. 110 256801

[29] Correa L A, Palao J P, Alonso D and Adesso G 2014
Quantum-enhanced absorption refrigerators Sci. Rep.
4 3949

[30] Silva R, Skrzypczyk P and Brunner N 2015 Small quantum
absorption refrigerator with reversed couplings Phys. Rev.
E 92 012136

[31] Mitchison M T, Woods M P, Prior J and Huber M 2015
Coherence-assisted single-shot cooling by quantum
absorption refrigerators New J. Phys. 17 115013

[32] Hofer P P, Perarnau-Llobet M, Brask J B, Silva R, Huber M
and Brunner N 2016 Autonomous quantum refrigerator in
a circuit qed architecture based on a josephson junction
Phys. Rev. B 94 235420

[33] Silva R, Manzano G, Skrzypczyk P and Brunner N 2016
Performance of autonomous quantum thermal machines:
Hilbert space dimension as a thermodynamical resource
Phys. Rev. E 94 032120

[34] Mitchison M T, Huber M, Prior J, Woods M P and
Plenio M B 2016 Realising a quantum absorption
refrigerator with an atom-cavity system Quantum Sci.
Technol. 1 015001

[35] Mu A, Agarwalla B K, Schaller G and Segal D 2017 Qubit
absorption refrigerator at strong coupling New J. Phys.
19 123034

[36] Nimmrichter S, Dai J, Roulet A and Scarani V 2017
Quantum and classical dynamics of a three-mode
absorption refrigerator Quantum 1 37

[37] Du J-Y and Zhang F-L 2018 Nonequilibrium quantum
absorption refrigerator New J. Phys. 20 063005

[38] Mitchison M T and Potts P P 2018 Physical implementations
of quantum absorption refrigerators Thermodynamics in
the Quantum Regime: Fundamental Aspects and New
Directions (Fundamental Theories of Physics) ed
F Binder, L A Correa, C Gogolin, J Anders and G Adesso
(Springer) pp 149–74

[39] Mukhopadhyay C, Misra A, Bhattacharya S and Pati A K
2018 Quantum speed limit constraints on a nanoscale
autonomous refrigerator Phys. Rev. E 97 062116

[40] Erdman P A, Bhandari B, Fazio R, Pekola J P and Taddei F
2018 Absorption refrigerators based on coulomb-
coupled single-electron systems Phys. Rev. B
98 045433
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