
 

Wu et al. Reply: We offer a reply to the preceding
Comment on our recent search for axionlike dark matter
with a liquid-state nuclear spin comagnetometer [1]. We are
grateful to the authors for their interest in our work and the
insightful analysis of Fig. 3 of our paper.
Our experiment [2] searches for an oscillatory signal due

to coupling of an axionlike dark matter field to nuclear
spins via the axion-wind interaction. The axion field
oscillates at the Compton frequency. For Compton periods
τa longer than T, the span of the data, since we do not
sample long enough to observe an oscillation of the axion
field, the detected signal would be modulated primarily by
the rotation of Earth. In the Comment, the authors point out
that, for an oscillating signal with a frequency smaller than
1=T, the sensitivity of a null measurement to the axionlike
dark matter field significantly decreases as compared to
measurements at higher frequencies. In order to prove this
argument, the authors fit the data with two basis functions,
sinð2πftÞ and cosð2πftÞ, where f is the frequency of the
oscillating field and t is the time of the measurement. The
amplitude of the oscillating field is the quadrature ampli-
tude of the sine and cosine functions. We fully agree with
the authors on this point.
The amplitude of the signal with frequencies smaller

than 1=T is equal to the amplitude at Ωsid of the amplitude
spectrum, which is a positive value and is thus proportional
to jgaNN sinðϕÞj, where Ωsid is the sidereal frequency, gaNN
parametrizes the coupling strength between axion and
nucleon, and ϕ is the phase of the axion field. In our
work, we took the weighted average value of j sinðϕÞj for
ϕ ∈ ½0; 2π�. Instead, as the authors of the preceding
Comment correctly point out, the proper way to interpret
our null experimental result is to marginalize over the
uniform phase distribution: For such low frequencies, our
experiment samples one particular random value of the
phase and does not average over the phases. The constraints
must be weakened due to the phase issue and should be
corrected for signals with frequencies smaller than 1=T,
shown at the left-hand side of Fig. 3 [2].
Let us also point out an additional issue beyond the phase

problem described in the Comment. The assumption of a
constant axion-field amplitude and velocity may not be
adequate even for the simplest case of random virialized
dark matter [3]. In general, there are three distinct regimes
depending on how the span of the data (T) compares to
two different timescales: the axion field oscillation period
τa ¼ 1=ma and the coherence time, which for the case of a
random field is τc ≈ 106τa.

Regime 1:T ≫ τc ≫ τa.—Since the span of the data (T) is
much longer than the coherence time of the axion field, the
stochastic axion field amplitude and velocity are well
sampled. It is thus appropriate to use the average values of
the axion field amplitude and velocity. Besides, since the span
of the data is much longer than the oscillation period, which
means that we would observe many cycles of oscillation, the
initial phase does not change the derived signal amplitude.
Regime 2: τc ≫ T ≫ τa.—Here, we sample one par-

ticular amplitude of the axion field from the stochastic
distribution of amplitudes according to the Rayleigh dis-
tribution and one particular velocity [3]. To interpret null
results in terms of constraints, one must marginalize over
the distribution of possible amplitudes and velocities. For
example, the axion field amplitude could be extremely
small (around 0) for the whole period of measurement time.
It is thus not suitable to simply use the average value of the
axion field amplitude for setting the constraint. It appears
that, to date, all other axion-search experiments working
in this regime have ignored the stochastic amplitude and
velocity distributions. However, similar to regime 1, the
initial phase is irrelevant to the derived signal amplitude,
since many oscillation cycles are sampled.
Regime 3: τc ≫ τa ≫ T.—This is the condition that is

relevant to the preceding Comment. The amplitude and
velocity issue is the same as that for regime 2. For the
phase, since we would not sample a complete oscillation of
the axion field, it is not suitable to use the average value of
j sinðϕÞj, which should be as well marginalized over the
distributions and should weaken the exclusion limit at the
left-hand edge of Fig. 3 [2]. Revised constraint plots for
this experiment, including correct marginalization over the
phase, velocity, and amplitude in the appropriate regimes,
are presented in Ref. [3].
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