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FIG. 3: Di!erential power spectral density of the magnetic
fields and its standard deviation, ŝ(i)(fa), obtained by sub-
tracting the spectrum smoothed with the Butterworth fil-
ter and averaging over data chunks. The plotted spectrum
is the results stacked over eight-hour data chunks, with its
amplitude normalized by the number of data chunks.

regularly, and their origin is unknown. To mitigate the
impacts on the signal detection, we eliminate the data
surrounding these integer-valued frequencies. The re-
sultant di!erential spectrum, stacked over all eight-
hour segments, is shown in Fig. 3.

The search for the axion-induced signal with the
stacked di!erential spectrum consists of evaluating the
signal-to-noise ratio (SNR) for each frequency bin and
selecting the candidates that exceed a certain thresh-
old of the SNR as follows. Excluding the three bins
around f = fa, the standard deviation of the di!eren-
tial spectrum is calculated from the surrounding ±100
bins and is shown in Fig. 3. This is used to normalize
the amplitude of the di!erential spectrum at fa, defin-
ing the SNR. We evaluate the SNR from 5→ 10→3 Hz,
below which the number of samples falling into each
bin is limited, to 45Hz, above which the estimated
spectrum is unreliable due to the Nyquist frequency.

We then search for signal candidates by requiring
(i) SNR > 3 in all-year data, and (ii) SNR > 1 in each
year’s data, ensuring persistence over the entire obser-
vation period. We found 59 candidates (For the num-
ber of signal candidates with di!erent SNR thresholds,
see Supplemental Materials). These candidates appear
in a single frequency bin, consistent with the sharpness
of an axion signal. There are four candidates with sig-
nificant SNR (SNR> 10 for all-year data and SNR> 4
for each year’s data1). Despite their statistical sig-
nificance, the candidates are likely artificial noise, as
their frequencies are exact multiples of a quarter hertz.

1 Because of di!erent noise variances, the sum of each year’s
SNR is not equal to the all-year SNR.

FIG. 4: Constraint on the axion-photon coupling gaω from
the long-term monitoring data of magnetic fields at Es-
kdalemuir observatory (this work, blue). Other excluded
regions are from SuperMAG [6, 15], SNIPE [9], Planck
and unWISE blue galaxy sample [16], CAST [7, 8], and
Chandra [17–19]. The future constraints are from Athena
(red) [20], DANCE ring cavity (green) [21], and twisted
anyon cavity (purple) [22]. The data are taken from [23].

However, lacking enough information to veto them, we
must keep them as potential axion signal candidates.
Apart from 59 signal candidates detected in the fre-

quency band of 2↑ 45Hz, we found no axion-like sig-
nal and can therefore impose upper limits on the ax-
ion coupling strength. As discussed in Supplemental
Materials, the fluctuations of the di!erential spectrum
obtained from eight-hour segments closely follow the
Gaussian statistics in each frequency bin. Although
the frequency bands with strong lines are exceptions,
they merely increase the standard deviation. Thus,
we treat the fluctuations in all bins as Gaussian, in-
terpreting the SNR = 3 threshold as a 3ω upper limit
on the axion coupling.
Using the theoretical curves in Fig. 2, we derive the

upper limit on the axion coupling from (see Supple-
mental Materials)

gaω(fa) ↓
SNRth

N1/4
ch

√
”S(1)(fa)

2Tch|A(fa)|2
, (4)

where Nch = 1753 is the number of data chunks, Tch is
data chunk length, ”S(1)(fa) is the standard deviation

of the di!erential spectrum normalized by N1/2
ch Tch,

and A(fa) is the prediction of magnetic field divided
by gaω . Setting SNRth to 3, Fig. 4 shows the upper
limit on the axion coupling we obtained, together with
other observation bounds. (Notation may be reconsid-
ered so as to be consistent with other sections.)
Conclusions and outlook. The terrestrial EM
waves at extremely low-frequency bands o!ers an in-
teresting opportunity to search for ultralight axion
dark matter. In this letter, we consider the EM waves
induced by the coherently oscillating axion in the pres-
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Constraint on the axion-photon coupling parameter ￼  of the ultra-light axion 

from the long-term monitoring of terrestrial magnetic field at ￼

gaγ

10−2 − 101 Hz
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Introduction

• Essential communication tools in our daily life (TV, radio, mobile phone, …)  

• Unique messengers to probe universe
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Electromagnetic (EM) waves are ubiquitous & useful
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Introduction

• They offer essential communication tools in our daily life (TV, radio, mobile 
phone, …)  

• They provide unique messengers to probe universe
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Electromagnetic (EM) waves are ubiquitous !

Is the ELF band useful for cosmology/ fundamental 
physics ?  → Dark matter search

Extremely low-frequency (ELF) EM waves ( ￼  )f ≲ 30 Hz

Wavelength: ￼λ ≳ 10,000km

Earth
Q

￼  Earth circumference∼



Dark matter candidates
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3.2 Introduction 7

Figure 3-1. Cosmic observations bound the available dark matter parameter space and
probe dark matter physics over the entire allowed mass range. Cosmic probes explore the
fundamental physics of dark matter both through gravity alone and through dark matter
interactions with the Standard Model. Cosmic probes of dark matter physics are highly
complementary to cosmological measurements of dark energy, inflation, and neutrinos.
Furthermore, cosmic probes provide essential information for designing and interpreting
terrestrial searches for dark matter. Figure inspired by similar figures in the literature [e.g.,
22–24].

of dark matter—e.g., particle mass, time evolution, self-interaction cross section, and cou-
pling to the Standard Model or other dark sector particles—can imprint themselves on the
macroscopic distribution of dark matter in a detectable manner.

In addition, astrophysical observations complement terrestrial dark matter searches by pro-
viding input to direct and indirect dark matter experiments, and by enabling alternative
tests of any non-gravitational coupling(s) between dark matter and the Standard Model. For
example, astrophysical observations are required to (i) measure the local density and velocity
distribution of dark matter, an important input for designing and interpreting direct dark
matter searches, (ii) identify and characterize regions of high dark matter density, an impor-
tant input for targeting and interpreting indirect searches, and (iii) set strong constraints on
the particle properties of dark matter, an important input for designing novel terrestrial dark
matter experiments with viable discovery potential. In the event of a terrestrial dark matter

Community Planning Exercise: Snowmass 2021
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‣ Broad mass range: ￼  

‣Weakly interacting with EM fields :

10−23 eV ∼ 1 eV

（￼  axion field）a :

Axion ℒint = − gaγ a E ⋅ B



Signature of axion dark matter
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a

V(a) = maa2/2

Coherent axion
(Axion =dark matter)

Axion-photon 
conversion

DM is supposed to be invisible ￼  gravity is the only interaction with the  SM particles→

However, ℒint = − gaγ a E ⋅ B

Monochromatic 
EM waves

Frequency:

Static

gaγ γa

B
fa =

ma

2π
≃ 2.4 ( ma

10−14 eV ) Hz

（￼  axion field）a :



Signature of axion dark matter

|Bgeo | ∼ 25 − 65 μT
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100 μT = 1 G

Geomagnetic field as a global static B-field on Earth



Signature of axion dark matter

|Bgeo | ∼ 25 − 65 μT

100 μT = 1 G

Geomagnetic field as a global static B-field on Earth

Price et al.: Schumann resonances in lightning research  

Volume 1, 2007, pages 33 - 40.   © JOLR 2006 (www.jolr.org) 
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Figure 1: Schumann resonances in a sample spectrum of ELF natural electromagnetic signal (magnetic field north-south 
component) recorded at Mitzpe Ramon (32N, 34E) station, Israel 

concentrate only on Schumann resonance studies 
associated with lightning research. 

2 THEORETICAL BACKGROUND 
Lightning discharges are considered as the primary 

natural source of SR. Lightning channels behave like a 
huge antenna which radiates electromagnetic energy as 
signals of impulsive nature at frequencies below about 
100 kHz [44]. Lightning signals below 100 Hz are very 
weak, but the earth-ionosphere waveguide behaves like 
a resonator at ELF frequencies and amplifies the 
spectral signals from lightning at the resonance 
frequencies [44].  

If the terrestrial waveguide was an ideal one, the 
resonant frequencies fn would have been determined by 
the earth’s radius a and the speed of light c – (1) [3]. 
However, the Earth-ionosphere waveguide is not a 
perfect electromagnetic cavity. Losses due to finite 
ionosphere conductivity make the system resonate at 
lower frequencies than would be expected in an ideal 
case, and the observed peaks are wide. In addition there 
are a number of horizontal asymmetries – day-night 
transition, latitudinal changes in the Earth magnetic 
field, sudden ionospheric disturbances, polar cap 
absorption, etc. that complicate the SR power spectra. 

� � � �nf c / 2 a n n 1 S �  (1) 

The problem of wave propagation in the Earth-
ionosphere cavity is most naturally formulated in 
spherical coordinates (r,ș,ĳ). The excitation source is 
represented by a vertical dipole with a current moment 
(Ids) located between two concentric spherical shells at 
ș=0. Radius of the inner shell – the Earth, is denoted by 
r=a, and the radius of the outer shell – the ionosphere – 
by r=a+h, assuming sharp and frequency independent 
upper boundary. Both the observer and the source are 

assumed to be located on the Earth surface. Maxwell 
equations are then solved assuming time dependence of 
eiȦt and requiring continuity on the boundaries (ground-
cavity transition at r=a, and cavity-ionosphere 
transition at r=a+h).  The electric and magnetic 
components are then [44]:  
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The resulting fields are shown in Figure 2 for the 
first three SR modes.  

 
Figure 2: Electric and magnetic fields of the first three SR modes. 

In (2) İ0 is a free space permittivity and  are the 
associated Legendre functions. Complex parameter Ȟ is 
calculated in terms of complex sine of the wave 
incidence angle S via [

l
ȞP

45]: 

� � � �22
0S 1 / k Q Q � a  (3) 
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Spike !

Axion-photon coupling
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This signal exists permanently 
across the entire Earth

AxionAxion

Axion
Axion

Axion

AxionAxion Δf / fa ∼ (σv/c)2

∼ 𝒪(10−6)

fa = 2.4 (ma/10−14 eV) Hz



Back-of-envelope estimation

|Binduced | ∼ 0.1 pT

￼ : local DM density 

￼

ρDM
( ρDM = m2

a ⟨ a2
0⟩τ /2 )

At the ELF band:   ￼fa ≃ 2.4 (ma/10−14eV) Hz

e.g., Metronix, MFS-06e (~8,000 USD)

Sensitivity ￼  at 1 Hz∼ 0.1 pT/ Hz

1 pT = 10 nG

￼9

Axion-photon coupling induces effective current:

∇ × B − ·E = − gaγ
·a Bgeo

(
gaγ

10−10 GeV−1 ) ( ρDM

0.3 GeV cm−3 )1/2(
|Bgeo |

100 μT )
Equating each term, the expected amplitude is

Quite small, but still 
measurable !



A more precise estimation

RE

Ionosphere (h ~ 60-90km)

RE ≃ 6,370 km
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Solving the Maxwell-axion system taking into account (i) atmospheric 
conductivity, (ii) geomagnetic field configuration (dipole & higher-￼ )ℓ

‣ Atmospheric conductivity profile ￼  by Kudintseva et al. (’16)σ(r)

‣ Boundary conditions：￼  at ￼ , upgoing waves at ￼E∥ = 0 r = RE r ≫ RE

‣ Geomagnetic field data by IGRF-13 

∇ ⋅ D = 0

∇ ⋅ B = 0
∇ × B − ·D = − gaγ

·a Bgeo

∇ × E + ·B = 0 n2 ≡ 1 + i
σ(r)
ma

Refractive index

D = ε0 n2 EDisplacement 
field

Conductivity
Coherently oscill. Axion



axion-photon coupling 
￼gaγ = 10−10 GeV−1

0.1 1 10 100

Results: prediction
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￼  The induced B-field peaks at 7.7 Hz 
and is suppressed at higher frequencies.
∴

(￼ )ma ≳ 3 × 10−14 eV

• Dominant dipole contribution from 
geomagnetic field

• Resonant peaks from radial mode func.
(＝Schumann resonance, ’52)

Binduced(r, θ) = gaγ a(t) ∑
ℓm

Cℓm bℓ(ma r) Φℓm(θ)
Vector spherical harmonics

Radial mode function
Geomagnetic field

AT, Nishizwa & Himemoto (’24, in prep.)



Axion search from public B-field data
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Public B-field monitoring data for geoscience

British Geology Survey Data

SuperMAG https://supermag.jhuapl.edu/

＞40 years,  # of detector sites: ￼𝒪(102)
Low sampling rate: ￼≲ 1 Hz

 ￼ Arza et al. (’22), Friel et al. (’24)→

https://www.bgs.ac.uk/

～10 years, high sampling rate ￼  ELF bands 
(0.01–10 Hz)

→

We use the data taken at Eskdalemuir observatory

In particular, 



Data analysis ~sketch~

59 candidates at 2—45 Hz

1. Taking  the ‘quiet’ data, and stacking their 
segments with consecutive 8 hours in the Fourier 
domain ￼(Δf/f ∼ 3 × 10−5)

2. Calculating the 'difference' spectrum by 
applying a low-pass filter and subtracting the 
smoothed component

3. Identifying possible candidates of axion 
signals with ￼  for all years & ￼  
for each year

S/N ≥ 3 S/N ≥ 1

 (noise = RMS of diff. spectrum)

AT, Nishizwa & Himemoto (’24, in prep.)
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Using 10 years public data at Eskdalemuir observatory 
Candidates exceeding 
￼  for all yearsS/N = 10

f [Hz]

アクシオン信号の候補 (SNR が高いもの)

周波数の単一ビン (3.5×10-5 Hz)
の中に存在する.

人工的な雑音だと思われるが、
棄却するだけの情報は無い.

アクシオン信号の候補 (SNR が高いもの)

周波数の単一ビン (3.5×10-5 Hz)
の中に存在する.

人工的な雑音だと思われるが、
棄却するだけの情報は無い.

26.25Hz 31.25Hz
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Figure 3. Axion signal candidates at 26.25Hz, 27.25Hz, 31.25Hz, and 43.75Hz, from the top to the bottom.

47.75Hz

アクシオン信号の候補 (SNR が高いもの)

周波数の単一ビン (3.5×10-5 Hz)
の中に存在する.

人工的な雑音だと思われるが、
棄却するだけの情報は無い.

27.25Hz

f [Hz]

S/N=1

Nishizwa, AT & Himemoto (’24, in prep.)



Summary & discussions
A novel axion dark matter search in the terrestrial EM fields

Tightest bound in the mass range of  
￼ma = 10−15 − 10−13 eV

￼14
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FIG. 3: Di!erential power spectral density of the magnetic
fields and its standard deviation, ŝ(i)(fa), obtained by sub-
tracting the spectrum smoothed with the Butterworth fil-
ter and averaging over data chunks. The plotted spectrum
is the results stacked over eight-hour data chunks, with its
amplitude normalized by the number of data chunks.

regularly, and their origin is unknown. To mitigate the
impacts on the signal detection, we eliminate the data
surrounding these integer-valued frequencies. The re-
sultant di!erential spectrum, stacked over all eight-
hour segments, is shown in Fig. 3.

The search for the axion-induced signal with the
stacked di!erential spectrum consists of evaluating the
signal-to-noise ratio (SNR) for each frequency bin and
selecting the candidates that exceed a certain thresh-
old of the SNR as follows. Excluding the three bins
around f = fa, the standard deviation of the di!eren-
tial spectrum is calculated from the surrounding ±100
bins and is shown in Fig. 3. This is used to normalize
the amplitude of the di!erential spectrum at fa, defin-
ing the SNR. We evaluate the SNR from 5→ 10→3 Hz,
below which the number of samples falling into each
bin is limited, to 45Hz, above which the estimated
spectrum is unreliable due to the Nyquist frequency.

We then search for signal candidates by requiring
(i) SNR > 3 in all-year data, and (ii) SNR > 1 in each
year’s data, ensuring persistence over the entire obser-
vation period. We found 59 candidates (For the num-
ber of signal candidates with di!erent SNR thresholds,
see Supplemental Materials). These candidates appear
in a single frequency bin, consistent with the sharpness
of an axion signal. There are four candidates with sig-
nificant SNR (SNR> 10 for all-year data and SNR> 4
for each year’s data1). Despite their statistical sig-
nificance, the candidates are likely artificial noise, as
their frequencies are exact multiples of a quarter hertz.

1 Because of di!erent noise variances, the sum of each year’s
SNR is not equal to the all-year SNR.

FIG. 4: Constraint on the axion-photon coupling gaω from
the long-term monitoring data of magnetic fields at Es-
kdalemuir observatory (this work, blue). Other excluded
regions are from SuperMAG [6, 15], SNIPE [9], Planck
and unWISE blue galaxy sample [16], CAST [7, 8], and
Chandra [17–19]. The future constraints are from Athena
(red) [20], DANCE ring cavity (green) [21], and twisted
anyon cavity (purple) [22]. The data are taken from [23].

However, lacking enough information to veto them, we
must keep them as potential axion signal candidates.
Apart from 59 signal candidates detected in the fre-

quency band of 2↑ 45Hz, we found no axion-like sig-
nal and can therefore impose upper limits on the ax-
ion coupling strength. As discussed in Supplemental
Materials, the fluctuations of the di!erential spectrum
obtained from eight-hour segments closely follow the
Gaussian statistics in each frequency bin. Although
the frequency bands with strong lines are exceptions,
they merely increase the standard deviation. Thus,
we treat the fluctuations in all bins as Gaussian, in-
terpreting the SNR = 3 threshold as a 3ω upper limit
on the axion coupling.
Using the theoretical curves in Fig. 2, we derive the

upper limit on the axion coupling from (see Supple-
mental Materials)

gaω(fa) ↓
SNRth

N1/4
ch

√
”S(1)(fa)

2Tch|A(fa)|2
, (4)

where Nch = 1753 is the number of data chunks, Tch is
data chunk length, ”S(1)(fa) is the standard deviation

of the di!erential spectrum normalized by N1/2
ch Tch,

and A(fa) is the prediction of magnetic field divided
by gaω . Setting SNRth to 3, Fig. 4 shows the upper
limit on the axion coupling we obtained, together with
other observation bounds. (Notation may be reconsid-
ered so as to be consistent with other sections.)
Conclusions and outlook. The terrestrial EM
waves at extremely low-frequency bands o!ers an in-
teresting opportunity to search for ultralight axion
dark matter. In this letter, we consider the EM waves
induced by the coherently oscillating axion in the pres-

59 potential candidates are still left

Constraint on axion-photon 
coupling from public B-field data

axion-induced EM waves across the Earth: 

|Binduced | ∼ 0.1 pT (gaγ /10−10 GeV−1)
at  ￼fa ≃ 2.4 Hz (ma/10−14 eV)

Coupled with geomagnetic field,

Prelimina
















aves at ELF band are also expected from 

Speculation

via kinetic coupling & graviton-photon conversion

Measuring EM data at Jupiter will expand the discovery space

Signal enhanced 

by 4 order of mag. !

ℒint = (ε/2)FμνF′￼
μν

ℒint = − (1/4)gμαgβνFμνF
αβ
ρσ

Jupiter



Backup
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Difference spectrum

Results stacked over all 8-hour segments

（1753 segments for all year）



Difference spectrum

Results stacked over all 8-hour segments

（1753 segments for all year）

S/N=3 S/N=3


