
Intrinsically Quantum Effects of Axion Dark Matter Are Undetectable

Yunjia Bao ,1,2,3,4 Dhong Yeon Cheong ,1,2,3,4,5 Nicholas L. Rodd ,6,7 Joey Takach,6,7

Lian-Tao Wang,1,2,3,4 and Kevin Zhou 6,7

1Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637, USA
2Department of Physics, The University of Chicago, Chicago, Illinois 60637, USA

3Leinweber Institute for Theoretical Physics, The University of Chicago, Chicago, Illinois 60637, USA
4Kavli Institute for Cosmological Physics, The University of Chicago, Chicago, Illinois 60637, USA

5Department of Physics and IPAP, Yonsei University, Seoul 03722, Republic of Korea
6Theory Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

7Leinweber Institute for Theoretical Physics, University of California, Berkeley, California 94720, USA

(Received 16 October 2025; accepted 31 March 2026; published 29 April 2026)

Is the usual treatment of axion dark matter as a classical field reliable? We show that the answer is subtle:
the axion field could well be in a quantum state that has no complete classical description, but realistic
detectors cannot tell the difference. To see this, we solve a fully quantum model of axion detection using
quantum optics techniques. We show that intrinsically quantum effects are washed out by mode averaging
or small amounts of noise, and significantly suppressed by the weakness of the axion coupling. Our Letter
exemplifies that there should always be a classical analog for axion dark matter effects, extends to other
wave (ultralight) dark-matter candidates, and gives a general method to compute the effects of exotic
dark-matter states.
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Quantum measurement techniques are poised to become
an indispensable tool in the search for wave dark matter
(DM) [1–4]. There are multiple paths beyond the standard
quantum limit. It can be evaded with squeezed states, as
pioneered by LIGO for gravitational waves [5,6] and
HAYSTAC for DM [7–10], or circumvented entirely with
photon number measurements [11]. In the drive for DM,
groups are developing microwave photon counters sensitive
to single photons exiting a detector cavity [12–19], and tech-
niques to measure the photons inside a cavity with transmon
qubits [20–22], which can also be used to prepare the cavity
in nonclassical Fock [23] or cat [24] states. Even more
ambitious proposals involve two-mode squeezing [25–28]
and entanglement of multiple cavities or qubits [29–35].
Despite operating in a highly quantum regime, these

efforts all treat wave DM as a classical field. This is because
it is a bosonic quantum field with ultralight mass,
mDM ≪ 10 eV, which implies an enormous number of
quanta per field mode; assuming standard virialization, it is
∼ρDM=ðmDMΔp3

DMÞ ∼ 1028ðμeV=mDMÞ4. But high occu-
pation does not automatically imply DM behaves classi-
cally [36]: cat or squeezed states are inherently nonclassical

but can have arbitrarily high occupancy. In fact, wave DM
could be produced in a nonclassical state or evolve into one
in the Galaxy, while avoiding decoherence due to its weak
coupling. This raises the question of whether there are
fundamentally new signatures of DM that are missed by the
classical field approximation.
In this Letter, we construct a fully quantum description of

the interaction of wave DM with a detector, and find two
serious obstacles to detecting intrinsically quantum effects.
First, realistic detectors couple to effectiveDMmodes, which
aggregate many DM modes. Through a quantum analog of
the central limit theorem, this tends to wash out quantum
effects, even if the individual modes are in nonclassical
states. Second, intrinsically quantum signatures are sup-
pressed by the low efficiency η of DM-photon conversion.
Even under optimistic assumptions, they can easily be
overwhelmed by detector noise, and even if not would
require an extraordinarily long time to resolve. We focus on
axion DM detection in a cavity haloscope [37], though the
argument extends broadly to other weakly coupled signals.
Further details are provided in an accompanying work [38].
To summarize, though we may be poised to detect axion

DM, which could be in a highly quantum state, our
instruments are not capable of resolving nonclassical
effects in the foreseeable future. Though some works have
claimed otherwise, we show axion DM can always be
treated as a classical field, possibly with an exotic energy or
fluctuation distribution. More generally, experiments can
safely proceed by treating wave DM as classical.
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The quantum state of DM—Our starting point is the
seminal insight of Glauber [39] and Sudarshan [40] that a
quantum field mode in a coherent state jαi acts on matter
in the same way as a classical field mode with complex
amplitude α. Thus, any mixture of coherent states,
described by the density matrix

ρ̂ ¼
Z

dαPðαÞjαihαj ð1Þ

for PðαÞ ≥ 0, acts like a probabilistic mixture of classical
field values. (Here, dα ¼ dReα d Im α.) Nonclassical states
can also be described by Eq. (1), but involve P functions
that attain negative values. Examples include squeezed
states, Fock states, and cat states that are superpositions of
coherent states jαi and jβi with jα − βj ≫ 1.
Turning to the axion, misalignment production begins with

a relatively well-defined field value, so it is often said to be in
a coherent state. We are not aware of a proper justification of
this claim; regardless, the preinflationary axion has its state
subsequently squeezed during inflation, e.g., Refs. [41,42],
whereas for postinflationary production the contribution from
the axion string network, e.g., Refs. [43–46], is not a pure
coherent state. Furthermore, during the collapse and sub-
sequent evolution of our Galaxy, the axion state should
change substantially due to gravitational interactions. In the
end, the state of DM in the laboratory is described by a joint
P function over the modes of the field,

ρ̂DM ¼
Z

dαPDMðαÞjαihαj; ð2Þ

where α ¼ ðα1;α2;…Þ denotes the DM modes, and again
the system can be described classically if PDM ≥ 0.
Simulations indicate that quantum corrections generi-

cally grow exponentially during halo collapse, but are
simultaneously suppressed by decoherence [47,48].
However, cat states with jαj ¼ jβj do not decohere rapidly
because both branches of the wave function have the same
average gravitational potential [49–51]. Further, there is an
extensive debate over whether the axion evolves to a state
where only one mode is occupied, which would drastically
increase its coherence time and could be a description of a
Bose-Einstein condensate; see, e.g., Refs. [52–56].
Identifying the quantum state of local axion DM is

evidently a highly nontrivial question, which we do not aim
to resolve here. Instead, we remain agnostic as to the form
of ρ̂DM and determine the requirements for a detector to
observe a genuinely quantum effect.
A model of DM detection—Cavity haloscopes search

for axion DM, ϕ, coupled to photons through Lint ¼
gaγγϕE ·B. The DM resonantly converts to photons within
the cavity volume Vc and background magnetic field B0ẑ.
The Hamiltonian describing the interaction is

Hint ¼ −gaγγB0

Z
Vc

d3xϕðxÞEzðxÞ: ð3Þ

The fields have the following mode expansion:

EzðxÞ ¼
X
l

ffiffiffiffiffiffi
ωl

2

r �
iclẼ�

l;zðxÞ þ H:c:
�

ϕðxÞ ¼
X
p

1ffiffiffiffiffiffiffiffiffiffiffiffi
2ωpV

p �
apeip·x þ H:c:

�
; ð4Þ

where ωl is the cavity mode angular frequency, Ẽl;z is
the z component of the mode profile normalized toR
Vc
d3xjẼlj2 ¼ 1, ωp ¼ mDM þ Kp is the axion energy

(with Kp the kinetic energy), and V is a fiducial axion
quantization volume.
We suppose a cavity mode is on resonance with the axion

field, ωl ≃mDM, and neglect the modes off resonance.
Working in the interaction picture, applying the rotating
wave approximation, and suppressing the resonant mode
subscript, the Hamiltonian becomes

HintðtÞ ≃
1

2
gaγγB0

ffiffiffiffiffiffi
Vc

V

r �
ic†

X
p

Cpe−iKptap þ H:c:

�
ð5Þ

when written in terms of a dimensionless overlap factor,

Cp ¼
ffiffiffiffiffiffiffiffiffiffiffi
mDM

ωpVc

r Z
Vc

d3x eip·xẼzðxÞ; ð6Þ

that generalizes the cavity form factor to arbitrary DM
momenta; cf. Ref. [57]. The conventional form factor can
be identified as jC0j2.
Equation (5) reveals that the cavity couples to an

effective axion mode, defined as

aeffðtÞ≡ 1

2

ffiffiffiffiffiffiffi
Vc

ΩV

r X
p

Cpe−iKptap: ð7Þ

An analogous reorganization of modes is used for inter-
ferometers [58,59] and the double slit experiment [60,61].
Using this, the Hamiltonian simplifies considerably to

HintðtÞ ≃ ig
�
c†aeffðtÞ − ca†effðtÞ

�
; ð8Þ

where g ¼ gaγγB0

ffiffiffiffi
Ω

p
is a coupling with units of frequency.

We normalize aeff with ½aeff ; a†eff � ¼ 1, which then deter-
mines Ω ∼ jC0j2. The effective mode’s mean occupancy is
equal to the expected number of axions in the cavity
volume, Neff ¼ ha†effaeffi ≃ ρDMVc=mDM. These results are
justified in the End Matter, and further discussion of
effective modes is provided in Ref. [38].
Many haloscopes continuously monitor the cavity

through a port with coupling rate 1=tm, where tm is the
effective measurement interval. This can be treated with
input-output theory, as reviewed in Refs. [7,62–64]. We
discuss that case in Ref. [38]. Here, we take the simplifying
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case where information is read out by repeatedly preparing
and projectively measuring the cavity after each time tm.
Critical coupling roughly corresponds to setting tm to the
cavity decay time Qc=mDM, where Qc is the cavity’s
intrinsic quality factor, and we optimistically neglect cavity
damping on this timescale. We adopt this model below.
Within an axion coherence time τDM ∼ 1=Δω, with Δω

the energy width of the occupied DM modes, the phase
factors e−iKpt in Eq. (7) do not substantially change relative
to each other. (This is essentially by definition, the
coherence time specifies how long it takes the different
modes to develop an ∼2π phase relative to one another; see
Ref. [36] for further discussion.) Then, the effective mode
can be regarded as having a fixed state, with the following
density matrix weighting the different values:

ρ̂effDM ¼
Z

dαPDMðαÞjαeffðt0Þihαeffðt0Þj; ð9Þ

where aeffðt0Þjαi ¼ αeffðt0Þjαi, and t0 is the initial time.
From this density matrix we can infer that the effective
mode is controlled by the following P function:

Peff
DMðβÞ ¼

Z
dαPDMðαÞδ

�
β − αeffðt0Þ

�
: ð10Þ

Measurements spaced out over a time tm ≳ τDM would
involve a time-varying effective mode, or equivalently
would require multiple effective modes to describe. This
variation tends to suppress the visibility of nonclassical
effects, so we optimistically assume tm ≲ τDM, during
which the effective mode’s state is fixed.
So far, no assumption regarding the axion state has been

made. Assuming standard virialization, one could argue that
the DM modes should become independent, so that the state
factorizes as PDMðαÞ ¼

Q
j P

j
DMðαjÞ (cf. Refs. [36,65]). In

that case, Eq. (10) reduces to a convolution over all Pj
DM,

weighted by the coupling between themode and the detector.
Then by the (quantum) central limit theorem [39] (reviewed
in detail in Ref. [38]), Peff

DMðαÞ becomes a Gaussian, and
therefore effectively classical. This remains true even if one
can resolve the axion linewidth, as one can define an
effective mode for each frequency bin. The argument holds
until the fundamental modes of the field are resolved.
This justifies the common assumption that the axion

as seen by a detector is described by a classical Gaussian
random field [36,65]. To see nonclassical effects, it is
insufficient for individual modes to be nonclassical.
Instead, correlations between the modes must be strong
enough to cause the central limit theorem to fail. This could
occur, e.g., if the axion condenses into a single mode, so we
let Peff

DMðαÞ be arbitrarily nonclassical below.
Washing out quantum effects—The model in Eq. (8) can

be solved exactly. To see this, note Hint rotates the modes
into one another by an angle gt, e.g.,

eiHinttce−iHintt ¼ c cos gtþ aeff sin gt: ð11Þ

Accordingly, an initial interaction picture coherent state
jαiDMjβicav evolves to jα cos gt − β sin gtiDMjβ cos gtþ
α sin gticav. This implies (see the End Matter) that if the
cavity state P function is initially Pi

cavðαÞ, after a time tm it
evolves to

Pf
cavðαÞ¼

Z
dβ

Peff
DMðβ=

ffiffiffi
η

p Þ
η

Pi
cav

�ðα−βÞ= ffiffiffiffiffiffiffiffiffiffi
1−η

p �
1−η

; ð12Þ

which is simply a scaled convolution of the P functions
for the effective axion mode and the initial cavity mode.
Above, the very small conversion efficiency is

η ¼ sin2ðgtmÞ

∼ 10−22
�

gaγγ
10−15 GeV−1

B0

10 T
Qc

105
10−5 eV
mDM

�
2

; ð13Þ

where we took C0 ∼ 1 and normalized to typical values for
cavity haloscopes. Equation (12) is our main result. It
provides a direct path to testing whether DM can produce
observable nonclassical signatures in a haloscope.
At first glance, it may seem that nonclassical effects are

easy to observe. If the cavity is perfectly initialized in the
vacuum state, Pi

cavðαÞ ¼ δðαÞ, then the final cavity state is
related to the DM state by scaling,

Pf
cavðαÞ ¼ Peff

DMðα=
ffiffiffi
η

p Þ
η

: ð14Þ

Thus, any negativity in the DM P function is imprinted on
the cavity mode, driving it into a nonclassical state. Yet as
we show below, the minute value of η proves a key
obstruction to observing the nonclassicality.
Moreover, in practice, the cavity cannot be perfectly

prepared in the vacuum state. Instead, it always carries a
Gaussian spread due to thermal excitation [66],

Pi
cavðαÞ ¼

e−jαj2=nt

πnt
; ð15Þ

with nt the mean thermal occupancy. If nt ¼ 1, then
convolving this Gaussian with any other P function would
yield the Husimi function, which is nonnegative [67]. In our
case, the DM P function begins scaled down by a factor offfiffiffi
η

p
, so its negativity survives only under the more stringent

condition nt ≲ η, which follows directly from Eqs. (12)
and (15). This corresponds to requiring a temperature

T ≲ mDM

logð1=ηÞ ≃ 2 mK

�
mDM

10−5 eV

�
; ð16Þ
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where we used nt ≃ expð−mDM=TÞ, valid for T ≲mDM, and
the efficiency in Eq. (13).
At microwave frequencies and below, this is a stringent

requirement on the physical temperature, and it also
applies to all other sources of noise in the readout chain.
Therefore, for most haloscopes, nonclassical effects are
already washed out before measurement, as we illustrate
in Fig. 1, though this might be avoided for haloscopes
targeting mDM ≳meV. In principle, for temperatures
exceeding this bound, one could still infer negativity of
Peff
DM if nt was known accurately. However, as shown in the

End Matter, this requires determining nt to ∼η precision,
which is highly unrealistic. We further show there that for
mDM ≪ μeV, detection of quantum effects remains very
difficult; cf. Eq. (13).
To our knowledge, this argument has not appeared in the

quantum optics literature, because there one rarely con-
siders η ≪ 1. The closest analog we have found is an
argument that light amplifiers can remove nonclassical
effects by injecting Gaussian noise [68–70].
Suppression of nonclassicality measures—Let us opti-

mistically assume that the cavity is prepared in the vacuum
state and the DM has an infinite coherence time. Even then,
nonclassical effects remain exceptionally hard to observe.
As we quantify in examples below, doing so would require
an excessively long experimental integration time, tint. The
challenge originates from Eq. (14). Because Peff

DM can be
negative in regions of at most ∼1 in size (as smearing any P
function by a unit Gaussian gives the nonnegative Husimi
function), Pf

cav inherits negativity over regions of size ∼
ffiffiffi
η

p
,

and thus rapidly oscillates in sign. Since all observables can
be expressed as integrals over Pf

cav, nonclassical effects are
generically suppressed.
The probability distribution for measurements of the

quadrature operator X ¼ ðcþ c†Þ= ffiffiffi
2

p
is

pðxÞ ¼
Z

dαPeff
DMðαÞjhxj

ffiffiffi
η

p
αij2: ð17Þ

This is an integral of Peff
DMðαÞ against a slowly varying

function of α, implying quantum effects are suppressed. A
simple quadrature quantum quantifier is the squeezing
parameter S ¼ varðXÞ − 1=2, which can only be negative
for nonclassical states. Taking moments of Eq. (17) yields

Scav ¼ η SDM ≥ −
η

2
; ð18Þ

where the minimum is achieved by an infinitely squeezed
DM state. Thus, in the ideal case, DM can drive the cavity
only into a very slightly squeezed state.
Similarly, the cavity number distribution is

pn ¼
Z

dαPeff
DMðαÞjhnj

ffiffiffi
η

p
αij2: ð19Þ

A relevant nonclassicality measure is the Mandel Q
parameter, Q ¼ varðnÞ=hni − 1, where Q < 0 indicates
nonclassical sub-Poissonian fluctuations. Using Eq. (19),

Qcav ¼ ηQDM ≥ −η; ð20Þ
where the minimum is achieved by a DM Fock state. Sub-
Poissonian fluctuations in the cavity are thus strongly
suppressed. Intuitively, the low probability of axion-photon
conversion imprints approximately Poisson fluctuations on
the cavity number.
Observing Qcav ¼ −η is much harder than discovering

the axion. It requires measuring for time tint ∼ tm=η2, of
order 1030 yr for the parameters in Eq. (13), and prohibi-
tively long even for the largest possible values of gaγγ
and Qc. We derive this scaling in the End Matter, although
it follows intuitively as the uncertainty on Q decreases
proportionally to

ffiffiffiffiffiffiffiffiffiffiffiffiffi
tint=tm

p
, so to obtain an uncertainty

below η we require the stated scaling. [We also demonstrate
in the End Matter that cavity thermal noise leads to Scav ≃
ηSDM þ nt and Qcav ≃ ηQDM þ 2nt, consistent with the
argument above Eq. (16).]
Similar reasoning shows that a wide variety of non-

classicality measures are also suppressed. Nonclassical
signatures in the Wigner function [71,72] are suppressed
because the Wigner function is a Gaussian convolution
of the P function. Furthermore, nonclassicality measures
involving number can often be expressed using the cavity’s
moment generating function [73–76],

MðμÞ ¼
X∞
n¼0

pnð1 − μÞn ¼
Z

dαPeff
DMðαÞe−ημjαj2 ; ð21Þ

which is again an integral of Peff
DMðαÞ against a slowly

varying function, washing out effects of negativity. We
expect similar arguments apply to even more general non-
classicality measures involving, e.g., higher-order quad-
rature moments [77–82].
We emphasize that our result only obstructs measuring

the negativity of Peff
DM. This implies that for detection, the

FIG. 1. If the DM P function (left) is imprinted on a noise-
free cavity, its negativity can be preserved. However, it can be
washed out by an extremely small amount of thermal noise
(right), yielding measurement statistics equivalent to a classical
ensemble. The DM P function shown is a Fock state with
Gaussian noise; see the End Matter for details.
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axion can be treated as a classical mixture of coherent
states as in Eq. (1), or equivalently as a stochastic classical
field, which guarantees Qcav; Scav ≥ 0 (see End Matter).
However, experiments could distinguish different classical
mixtures. For instance, a single-mode coherent DM state
would have SDM ¼ QDM ¼ 0, while the Gaussian state
expected from virialization would have SDM ≃QDM ≃
Neff ≫ 1. This would manifest as Scav and Qcav scaling
as the mean number of signal photons ns ¼ ηNeff . Thus, if
the axion can be detected at all, implying that ns is not too
small, we expect coherent and Gaussian states could be
readily distinguished in a postdiscovery scenario. For
further details, see Ref. [38].
Entanglement signatures—One might object that exotic

DM states can produce distinctive entanglement signatures.
For instance, if the DM and cavity start in a cat and vacuum
state, ∝ ðjαi þ j − αiÞDMj0icav, then they evolve to an
entangled state, proportional to

jαcosgtiDMjαsingticavþj−αcosgtiDMj−αsingticav; ð22Þ

as was noted in Ref. [51]. However, in practice, we can only
directly measure the cavity state, so the DM state must
be traced out. In the reduced density matrix of the cavity,
off-diagonal terms between jα sin gti and j−α sin gti are
suppressed by the overlap hα cos gtj − α cos gti≃
hαj − αi ∼ expð−2NeffÞ. Thus, since the conversion effi-
ciency is small, the final cavity state is indistinguishable
from the more mundane case where DM begins in a
classical mixture of jαi and j − αi.
It is also interesting to consider decoherence as a signal,

as has been suggested for particle DM in Refs. [83,84]. In
this case, one would prepare the cavity in a superposition,
and observe the loss of purity of the cavity state. Though it
is unclear whether this would be a practical method for
detection, this signal is fully described by Eq. (12), and our
estimates suggest that exotic DM states do not generate
decoherence any faster than a Gaussian state. (Conversely,
the quantization of the axion could be established by an
entanglement witness [85]. However, this is very difficult,
even compared to the gravitational case, because the axion
only mediates dipole forces.)
Finally, our formalism simply generalizes to multiple

cavities. Widely spatially separated cavity modes ci couple
to independent effective modes aeff;i, mixing as in Eq. (11).
Nonclassical effects appear through the negativity of the
joint P function Pf

cavðαeff;1;…; αeff;nÞ, which accounts for
cavity entanglement. However, the arguments above go
through qualitatively unchanged, and show that nonclass-
ical effects remain suppressed by η.
Discussion—While the quantum mechanics of the detec-

tor could be essential in the discovery of DM, the quantum
mechanics of DM will not. Building on the quantum
description of DM developed in Ref. [36], we exhibited
two barriers to observing nonclassical effects. First, if the

DM modes are independent, a detector that cannot resolve
the fundamental DM modes instead sees a classical effec-
tive Gaussian mode by the quantum central limit theorem.
Second, nonclassical effects are always much harder to
observe than the DM itself, even in the absence of noise.
We emphasize that neither of these arguments relied on the
large occupation number of wave DM. In short, a classical
description of axion DM suffices even if it is in a highly
nonclassical state.
Our Letter resolves a fundamental issue in the axion

literature. The original works on axion DM [86,87] sug-
gested the axion can be treated classically because it is in a
pure coherent state, or because it has a large occupation
number. Neither point is correct, yet similar comments
persist in recent authoritative reviews [55,88–90], leading
to increasing uncertainty over the validity of the classical
field approximation underlying axion experiments.
This confusion has led to claims that axion DM can have

inherently quantum signatures. For example, Ref. [91] com-
pared coherent and Gaussian DM states, and Ref. [92]
considered squeezed DM states but considers measuring
positive Scav. However, these signatures can all be realized by
a classical axion field. It has also been claimed that ultralight
DM produces strong effects by Bose enhancement [93],
but these effects also appear classically [94]. Of course it is
important to determine the expected state of axion DM in our
Galaxy, and in particular, if there are strong correlations
between modes. However, given a DM state, detector calcu-
lations can be simplified by treating the axion as an appro-
priate classical ensemble. We have shown this is a universal
consequence of the weakness of wave DM couplings.
Our conclusions generalize broadly to wave DM searches

and further to nonclassical signatures of weakly coupled
physics. Indeed, our analysis is intimately related to the
classic question of whether one can infer the existence of the
graviton from gravitational radiation [95–100]. In that case,
it has been established that it is possible to convert gravitons
to single quanta and detect those quanta, but genuinely
quantum effects that would exclude a classical description of
the gravitational field are suppressed by the low conversion
efficiency. Our conclusions go beyond existing results,
demonstrating a more general obstruction to the observation
of uniquely quantum effects.
Returning to DM, our arguments generalize straight-

forwardly to any interaction where DM directly converts
to a photon. They also generalize to couplings to matter
that produce forces on macroscopic oscillators, with
mechanical modes replacing cavity modes. Two types of
signature differ more substantially. First, the axion can
exert torques on spins, whose nonclassical states are
described differently (e.g., see Refs. [101–103]). Second,
dilaton DM shifts the frequency of oscillators, correspond-
ing to Hint ≃ gc†cðaeff þ a†effÞ. Though observing non-
classical effects in both cases should remain difficult, it
would be interesting to quantify this explicitly.
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End Matter

Properties of the effective mode—Here, we justify the
scalings of Ω and ha†effaeffi quoted below Eq. (8). First,
normalization of aeff requires
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To estimate the expression, note that if the cavity has a
length L, the integral becomes constant for pL≲ 1 and
is rapidly suppressed for pL≳ 1. Thus, the number of
modes significantly contributing to the sum is order
V=L3 ∼ V=Vc. Since haloscopes have mDML ∼ 1, the
relevant modes have ωp ≃mDM and p ≃ 0. Therefore,
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Ω ≃
1

4
jC0j2 ∼ 1; ðA2Þ

where the final scaling holds as jC0j2 is the cavity form
factor. (As an explicit example, the TM010 mode of a
cylindrical cavity has jC0j2 ≃ 0.69.)
Next, consider the mean occupancy of aeff ,

ha†effaeffi ¼
Vc

4VΩ

X
p;q

C�
pCqe−iðKq−KpÞtha†paqi

≃
Vc

V

X
p

jCpj2
jC0j2

ha†papi: ðA3Þ

The second line used Eq. (A2) and neglected the momen-
tum cross terms, which vanish on average due to the
random phase e−iðKq−KpÞt. For nonrelativistic DM, the
occupied modes have p ∼mDMvDM ≪ mDM, and in this
range jCpj2 is roughly constant and equal to jC0j2. The sum
then reduces to the number of axions in the quantization
region, ðρDM=mDMÞV, leaving

ha†effaeffi ≃
ρDMVc

mDM
: ðA4Þ

Derivation of Eq. (12)—We begin with an initially
unentangled DM-cavity state,

ρ̂ð0Þ ¼
Z

dα dβPeff
DMðαÞPi

cavðβÞjαihαjDMjβihβjcav: ðB1Þ

The evolution of the cavity density matrix follows by
evolving the states as discussed below Eq. (11) and
tracing out the unobserved final DM state, yielding

ρ̂cavðtÞ ¼
Z

dα dβPeff
DMðαÞPi

cavðβÞ

× jβ cos gtþ α sin gtihβ cos gtþ α sin gtj: ðB2Þ

To identify Pf
cav, we change variables to α0 ¼ α sin gtþ

β cos gt and β0 ¼ α sin gt and drop the primes, to find

ρ̂cavðtÞ ¼
Z

dα dβ
sin2ðgtÞcos2ðgtÞ

× Peff
DM

�
β

sin gt

�
Pi
cav

�
α − β

cos gt

�				αihαj: ðB3Þ

Setting t ¼ tm and introducing η, we arrive at Eq. (12).
Similar reasoning can be used to derive Eq. (10).

Illustrating nonclassical P functions—Visualizing
nonclassical P functions can be difficult, as for Fock
and cat states the P function is a highly singular
distribution [104]. However, this can be an artifact of

considering overly idealized states. For example, a Fock
state with an arbitrarily small amount of Gaussian noise
has a rapidly falling normal-ordered characteristic function,
whose Fourier transform is a well-behaved P function.
Thus, for illustration in Fig. 1, we take the DM state to be
that of adding 7 quanta to a thermal background of 1.2
quanta, using the P function derived in Ref. [77].

Extension to lower mass axions—The fact that the
efficiency in Eq. (13) scales as η ∝ m−2

DM superficially
suggests that nonclassical effects could be easier to
observe for lower masses. This is not correct. Firstly, at
lower masses, the requirement in Eq. (16) on the
temperature becomes much more stringent. Furthermore,
when mDML ≪ 1, a haloscope with a static background
field has a form factor falling as C0 ∼mDML [105], so
that the conversion efficiency actually scales as

η ∼ g2aγγB2
0ðmDMLÞ2ðQc=mDMÞ2; ðD1Þ

which is not enhanced for lower mDM. By contrast, in the
“heterodyne” approach with an oscillating background
field, the form factor remains order-one [106], but the
temperature is much higher, T ≃ 2 K. Thus, in either case
detecting quantum effects remains very difficult.

Time to observe Mandel Q—For simplicity, consider a
haloscope at the edge of detection: in most measure-
ments there are no signal photons, so ns ¼ ηNeff ≪ 1.
Then p0 ≃ 1 and discovering the axion corresponds to
measuring a nonzero value of p1 ≃ ns. Mandel Q
imprints itself on the even smaller probability p2 as

p2 ≃
1

2
nsðns þQcavÞ: ðE1Þ

We can therefore infer Q through a measurement of p2;
the difference in p2 between the smallest minimum
allowed classical (Qcav ¼ 0) and quantum (Qcav ¼ −η)
values is Δp2 ≃ nsη=2. If one performs Nshot ≫ 1
measurements, the expected number of events with two
photons is p2Nshot, which provides an estimator for p2.
The variance of our estimator is roughly p2=Nshot ≃
n2s=2Nshot and requiring this to be less than ðΔp2Þ2, we
conclude Nshot ∼ 1=η2 measurements are required.
Therefore, measuring an inherently quantum Q requires
a total integration time tint ∼ tm=η2, as stated in the main
text. (This scaling persists if we estimate Q directly,
rather than p2, and remove the ns ≪ 1 assumption.)
Quantitatively, this time is exceptionally long,

tm
η2

∼1030 yr

�
10−15 GeV−1

gaγγ

10 T
B0

�
4
�
105

Qc

mDM

10−5 eV

�
3

: ðE2Þ

Even if we consider maximally optimistic values for a
superconducting cavity, gaγγ ¼ 10−12 GeV−1, B0 ¼ 0.2 T
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andQc ¼ 1012, the integration time only reduces to 104 yr,
still prohibitively long.
It is far easier to distinguish positive values of MandelQ,

as they can span a much larger range. For a coherent
DM state Qcav ¼ 0, whereas a Gaussian DM state yields
Qcav ¼ ns. Again, taking ns ≪ 1, these correspond to p2 ≃
n2s=2 and p2 ≃ n2s , respectively, consistent with the
number distribution being Poisson or geometric. (A similar
point was discussed in Ref. [100].) Distinguishing
these scenarios requires only an order-one fractional
uncertainty on p2, Δp2 ∼ n2s , and therefore Nshot ∼ 1=n2s
and tint ∼ tm=n2s . This is longer than the time tdisc ∼ tm=ns
that would be required to discover the axion, but if the axion
can be discovered in a scanning search, then the difference
between them is at most several orders of magnitude.
Thus, distinguishing positive values of Qcav is feasible in
a postdiscovery scenario.

Scav and Qcav with thermal noise—Here, we re-
compute Eqs. (18) and (20) in the presence of cavity
thermal noise. We work in the Heisenberg picture and a
rotating frame to remove factors of e−imDMt. The cavity
mode then evolves as

cðtmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 − η

p
c0 þ

ffiffiffi
η

p
a0; ðF1Þ

where c0 and a0 are the initial operators. [This should
be contrasted with Eq. (11), which was not the time
evolution of c, but rather an identity used to infer the
time evolution of the states in the interaction picture.]
Now, the desired quantities can be expressed as

Scav ¼
1

2

�h∶ðcþ c†Þ2∶i − hcþ c†i2�;
Qcav ¼

hc†c†cci − hc†ci2
hc†ci ; ðF2Þ

with a pair of colons denoting normal ordering.
To evaluate these expectation values, we note that for an

initial thermal cavity state, hc†0c0i ¼ nt and hc†0c†0c0c0i ¼
2n2t , with the remaining relevant expectation values vanish-
ing. We then find

Scav ¼ ηSDM þ n̄t; ðF3Þ

with n̄t ¼ ð1 − ηÞnt. Similarly,

Qcav ¼
ηnsQDM þ n̄tð2ns þ n̄tÞ

ns þ n̄t
≃ ηQDM þ 2n̄t; ðF4Þ

where the final expression holds for nt ≪ ns, the relevant
limit for measuring small Qcav. Given n̄t ≃ nt this justifies
the expressions in the main text.
In principle, even if we measured a positive value for

Qcav or Scav, we could use these results to infer a negative
(nonclassical) result for DM, but only if nt was known to an
absolute precision of ∼η. This would be very difficult.
Furthermore, nonthermal noise sources such as detector
dark counts would also effectively contribute to nt, and
must be known to the same precision. Finally, we cannot
avoid this problem by preparing the cavity in a nonclassical
initial state, as this would still require controlling the cavity
to ∼η precision.

Classical DM yields Q; S ≥ 0—If DM is a classical
field, it cannot drive an initially empty cavity to have a
negative value for Scav or Qcav. We can see this as
follows. If DM is a classical field, then Eq. (F1)
becomes cðtmÞ ∼ c0 þ ffiffiffi

η
p

α, where α is a c number,
which in general can be a classically random variable.
Substituting this into Eq. (F2) and assuming the cavity
is initially in vacuum, we have

Sclcav ¼ 2varðReαÞ; Qcl
cav ¼ varðjαj2Þ=hjαj2i; ðG1Þ

where in both cases the variance and expectation value
are taken over the classical probability distribution for α.
As the variance is positive semidefinite due to the
Cauchy-Schwarz inequality, we conclude Sclcav; Qcl

cav ≥ 0.
The above is an example of a more general phenomenon

originally noted by Glauber [39]: classical random currents
drive a coupled quantum system into a classically random
ensemble of coherent states. Indeed, c ∼ c0 þ ffiffiffi

η
p

α ¼
D†ð ffiffiffi

η
p

αÞc0Dð ffiffiffi
η

p
αÞ, with DðαÞ ¼ expðαc†0 − α�c0Þ the

displacement operator. While suggestive, we can formalize
this further. For a classical axion field, the Hamiltonian
in Eq. (8) could be written Hint ¼ igðc†αeff − cα�effÞ. The
interaction-picture time-evolution operator is then

UIðtÞ ¼ exp

�
−i

Z
t

0

dτHint

�
¼ exp

�
gtðc†αeff − cα�effÞ

�

≃Dð ffiffiffi
η

p
αeffÞ; ðG2Þ

where we took gt ≃ ffiffiffi
η

p
in analogy with Eq. (13).

Therefore, for a fixed αeff time evolution displaces the
cavity P function to Pcavðα − ffiffiffi

η
p

αeffÞ; the classical driver
simply shifts the location of the distribution. The extension
to include time dependence or classical randomness in αeff
is straightforward, and in all cases the classical source does
not generate negativity in PcavðαÞ.
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