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Cold dark matter paradigm
DM must be cold  ( ) and decoupled from thermal bathmDM ≫ TDM
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• Early-time growth of matter inhomogeneity

• Late-time baryon catch-up (after recombination)
Neutrinos

CDM

Baryon

aeq arecaH

Photon

 (scale factor)a
Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.
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 (multipole)ℓ

 DM halos as the primary sites for star/galaxy formation→

CMB & matter power spectra

Evolution of density fluctuations

Bottom-up picture of hierarchical clustering
(DM halos grow through mergers and accretion)

Matches with
Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly✓ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly✓ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation `, i.e., f = d ln `/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.

28



Origin and nature of CDM
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No sign of supersymmetry

https://home.cern/resources/image/accelerators/lhc-images-gallery

The cold nature of DM alone is not enough to specify its origin & properties

A thermally produced relic particle that interacts only very weakly with SM particles 
was long considered a strong candidate, however,…

(Most notably, a supersymmetric particle, called WIMP)



Particle physics theorist’s view (?)
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26 Cosmic Frontier

Figure 5-10. Venn diagram of dark matter models, showing relationships between di↵erent ideas for the
fundamental nature of dark matter.

5.5 Dark Matter

Astronomical and cosmological observations of the gravitational influence of dark matter provide one of
the strongest indications of new physics Beyond the Standard Model [19]. Ascertaining the nature of these
mysterious new particles, their interactions both with Standard Model particles and with themselves, and
their cosmological origin is perhaps the grand challenge of this generation. While the ambitious program to
understand dark matter will require tools and techniques from across the HEP frontiers [20, 21], the Cosmic
Frontier is unique in that its experiments seek to detect and measure dark matter in its natural habitat –
the halo of our Galaxy, the halos of distant galaxies, and the large-scale structure of the Universe. While
other frontiers may hope to discover new particles that could play the role of dark matter, only the Cosmic
Frontier can establish that a given discovery is, in fact, associated with the dark matter in the Universe.

Our understanding of the landscape of dark matter theories has evolved significantly in the past several
years, as theoretical exploration has better defined the boundaries of what models are consistent with
observations. As of Snowmass 2013 [22], the classification of dark matter candidates was largely based on
the particle physics features of the underlying models (see Figure 5-10). Since then, focus has shifted toward
exploring wide ranges of the possible phenomena in an e↵ort to understand how well existing experimental
searches cover the space of possibilities, and how new experimental opportunities provide sensitivity to
regions of theory-space that are not captured by the current program [23]. There is great freedom to
construct microphysical descriptions of dark matter, and a vast landscape of theoretical extensions of the
Standard Model have been proposed. These models range from very simple extensions of the Standard Model
containing a single new particle to complex dark sectors containing multiple dark matter states, composite

Community Planning Exercise: Snowmass 2021

arXiv:2211.09978

Theories of DM have developed too much, leading to many possibilities



DM masses
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arXiv:2209.08215 

Viable DM models still permit a huge span of possible masses

Huge discovery space !

(~90 order of magnitude !)

Be open-minded, and consider all possibilities

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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DM search

 9

small-scale cosmic structure formation 
provides a clue

Dark matter Physics from Halo Measurements
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CDM

WIMP

Fuzzy DM

Interacting DM

Warm DM

Early MD

Axion Misalignment

Vector DM

Axion String

Figure 1: The dimensionless linear matter power spectrum extrapolated to z = 0. Theoreti-
cal predictions are plotted for four models that suppress power: (1) ultra-light axion “fuzzy”
dark matter with a mass m = 10�22 eV (magenta; [1]), (2) dark matter–baryon interactions
with interaction cross section that scales with velocity as �0v

�4 for �0 = 10�22cm2 (blue;
[2]), (3) thermal relic warm dark matter with a mass m ⇠ 40 keV (red; [3]), (4) weakly
interacting massive particle dark matter represented by a bino-like neutralino with a mass
m ⇠ 100 GeV (black; [4]). Also shown are four models that enhance power on very small
scales: (1) early matter domination assuming a reheat temperature of 10 MeV (green; [5]),
(2) post-inflationary production of QCD axions dominated by the misalignment mechanism
(pink; [6]), (3) vector dark matter produced during inflation assuming an inflationary scale
of 1014 GeV and a DM mass of 10�6 eV (orange; [7]), and (4) post-inflationary production of
axions dominated by strings (cyan; [8]). Note that the position of the power spectrum cuto↵
and/or enhancement depends on model parameters and is flexible for most cases shown here.
Power spectrum measurements on large scales are compiled from [9]. Shaded vertical bands
roughly indicate the characteristic kinds of halos formed on each scale, and the horizontal
axes indicate wavenumber, halo mass, and the temperature of the Universe when that mode
entered the horizon.

tion program, and can simultaneously be explored via clustering signatures. The phase-space
distribution of freeze-in DM can vary substantially between models because the phase space
is non-thermal, but current constraints and near-future projections are at the level of 10-
100 keV [42–48]. Given the complementarity with upcoming direct detection experiments,

7

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.

10 20 30 40 50 60 70 80
Vmax [kms−1]

0.5

1.0

2.0

3.0

5.0
7.0

10.0

20.0

r m
ax

 [k
pc

]

10 20 30 40 50 60 70 80
Vmax [kms−1]

0.5

1.0

2.0

3.0

5.0
7.0

10.0

20.0

r m
ax

 [k
pc

]

Cold                 
Warm               

Warm (Top 12) 
Cold (Top 12)   

Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M! in the WDM case, and 6.0 × 109M! in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c© 2011 RAS, MNRAS 000, ??–8

Structure and assembly of SIDM cluster-size haloes 3

Figure 1. The most massive halo in our sample (M200 ⇠ 2 ⇥ 1015 M� h�1) in the CDM (left) and SIDM1 (right) cases. The circle
marks the virial radius of the halo (R200 ⇠ 2 Mpc h�1).

40963 particles in the highest resolution region, which is sur-
rounded by regions of intermediate resolution and finally a
low resolution volume with an e↵ective resolution of 2563

particles. To construct the initial conditions of the zoom
simulations we followed closely the methodology described
in e.g. Onorbe et al. (2014):

• Pick the sample of 28 most massive “relaxed” haloes in
the parent simulation, as described above.

• Select the Lagrangian region around each of these
haloes at z = 0 in the parent simulation. This is the tar-
get region for resimulation.

• Traceback the particles to the initial target redshift for
resimulation (z = 50) by matching the unique particle ID
numbers across redshifts.

• Compute the initial conditions for the zoom simulation
using the code MUSIC2 (Hahn & Abel 2011), specifying the
ellipsoidal (or cuboid) region containing the targeted parti-
cles at z = 50 as the high resolution region (see Appendix
A1 for more details and convergence tests).

For the high resolution region, the e↵ective Plummer
equivalent gravitational softening length is ✏ = 5.4 kpc h�1,
while the particle mass is mp = 1.271⇥ 109 M� h�1.

Our final simulation suite consists of 28 haloes sim-
ulated with the same initial conditions in CDM, SIDM1
and SIDM0.1, with a virial mass and radius range in be-
tween: R200 ⇡ 1300 � 2000 kpc h�1, and M200 ⇡ 0.5 �

1.9 ⇥ 1015 M� h�1. Except for the most massive clus-
ter, the sample has a narrow distribution centered around
M200 ⇠ 0.9 ⇥ 1015 M� h�1 and R200 ⇠ 1550 kpc h�1 (see
figure A1). A visual impression structural di↵erences be-
tween CDM and SIDM haloes is given in Figure 1, where
we show dark matter density projections for the most mas-
sive of our haloes for CDM and SIDM1 in the left and right
panels, respectively. For each simulation, we have created
halo catalogues, first by using the friends-of-friends (FOF)
algorithm and then using the SUBFIND algorithm (Springel

2 https://people.phys.ethz.ch/⇠hahn/MUSIC/

et al. 2001) to identify selfbound (sub)haloes. The particles
within the main halo of a given structure are the main focus
of our study.

We note that for the main halo properties analysed in
this work – density, halo shape, and velocity anisotropy ra-
dial profiles – we performed convergence tests to determine
the spatial resolutions we can trust. These are described in
Appendix A.

3 RESULTS

3.1 Relaxation

Having defined our halo relaxation criteria in section 2, we
now study how our ensemble of haloes di↵er between the
CDM and SIDM1 parent simulations in regards to their equi-
librium states (there is a negligible di↵erence between CDM
and SIDM0.1) by looking at all haloes with more than 500
particles. We find that the number of haloes satisfying our
relaxation criteria di↵er significantly between the two cos-
mologies, with almost 20% more relaxed haloes in SIDM1
at z = 0 (40% if we only examine the most massive haloes
with more than 1000 particles, see Table 1).

Examining each criteria separately, we find that the viri-
alization threshold, 2T/|U | < 1.35, is the most important
one in explaining this di↵erence (this holds up to z ⇠ 1;
the number of resolved haloes drops quickly above this
redshift). The median of the distribution of 2T/|U | values
is approximately 0.5�1% lower in SIDM1 than in CDM
(0 < z < 1). We interpret this result as a consequence of
the inside-out ‘heat’ transfer that occurs during dark mat-
ter self-interactions, which leads to the thermalization of the
central regions. Despite commonly assumed to impact only
the innermost regions of haloes, we find that self-interactions
with a cross section of 1 cm2 gr�1 are strong enough to a↵ect
the global virial ratio of the entire halo.

Kim et al. (2017) found that dark matter self-
interactions ultimately shorten the timescales of halo merg-
ers, despite competition between the enhanced momentum

MNRAS 000, 000–000 (0000)

BECDM haloes 5
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Figure 1. Volume rendering of the density field in one of our simulations of the formation of a virialized BECDM halo through multiple

mergers. We merge isolated soliton cores (t = 0) until a single bound halo forms, which is characterised by a stable soliton core at the

center of the halo and quantum fluctuations throughout the domain. The volume rendering shows isocontours of density di↵ering by

factors of 10. Insets show projected density in log-space. The bottom panel shows the time evolution of the total energy E, potential

energy W , classical kinetic energy Kv , and quantum gradient energy K⇢ in the simulation.

c� 2017 RAS, MNRAS 000, 1–14

Warm DM Self-Interacting 
DM Fuzzy DM WIMP DM

 mDM ∼ 100 GeV  mDM ∼ 𝒪(10) KeV  mDM ∼ 𝒪(10−22) eV σ/mDM ∼ 𝒪(1) cm2/g

arXiv:2203.07354

Matter power spectrum

• Density profile of halos

• Abundance of subhalos 
or substructures

Through the gravitational interaction,

• Small-scale matter power spectrum

  Cosmological/astronomical 
observations are the key
→

Indirect
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In the presence of electromagnetic (EM) interaction,
(but very weak)

plenty of room to search for DM on the ground and in space using EM signals

Direct & Indirect

Conversion between DM and EM fields (photons) through

ℒint =
gaγ

4 ϕ FμνF̃μν

ℒint = ϵ Fμν F′ μν

(FμνF̃μν = − 4 E ⋅ B)Scalar DM 
(axion or ALPs)

Vector DM 
(dark photon)

DM

https://higgstan.com/



Constraints on coupling parameters
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Axion Kinetic-mixing parameterAxon-photon coupling parameter Dark photon
|ggγ | [GeV−1] ε

experimental
astrophysical

experimental
astrophysical
cosmological

In this talk, we explore the search for DM in terrestrial environments



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

• Unique messengers to probe universe

f [Hz]

λ [m]



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

• Unique messengers to probe universe

f [Hz]

λ [m]

EM waves cannot escape into space but are reflected by the ionosphere 
At   , f ≲ 10 MHz (λ ≳ 30 m)



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

• Unique messengers to probe universe

f [Hz]

λ [m]

EM waves cannot escape into space but are reflected by the ionosphere 
At   , f ≲ 10 MHz (λ ≳ 30 m)

Extremely low-frequency (ELF) band  ( f ≤ 30 Hz)

Wavelength:  λ ≳ 10,000km

Earth

  Earth circumference∼

—-Unique & powerful window for DM search ? 









Signature of axion DM

|Bgeo | ∼ 25 − 65 μT

Geomagnetic field as a global static B-field on Earth
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100 μT = 1 G





Back-of-envelope estimation

|Binduced | ∼ 0.3 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 (0.85 M JPY)
Sensitivity   at 1 Hz∼ 0.1 pT/ Hz

1 pT = 10 nG
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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 |
50 μT )

Equating each term, the expected B-field amplitude is

Quite small, but still 
measurable !



High-sensitivity detectors used at gravitational wave detector sites

Commercial magnetometers

MFS-06e

Sensitivity:   at 1 Hz∼ 0.1 pT/ Hz

Price: 6.3K—7.4K USD (As of 2022)

Sensitivity:   at 1 Hz∼ 6 pT/ Hz

https://www.metronix.de/metronixweb/index.php?id=88&L=1https://www.bartington.com/products/mag-13/

Mag-13MSL

 21

Price: 10K USD

















Data analysis ~sketch~ AT, Nishizwa & Himemoto (’25)
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Using 11 years public data at Eskdalemuir observatory 
Nishizwa, AT & Himemoto (’25)

Eskdalemuir observatory 

Edinburgh
Glasgow

Birmingham

Liverpool

London

Nomura, Nishizawa, AT & Himemoto 
(’25, in prep)

World map of the predicted amplitude 
of axion-induced B-field at 7.2 Hz
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FIG. 2: Weighted-average di!erential PSD of the magnetic fields, stacked over all eight-hour data segments, ŝ(fa) (blue).
This is obtained by subtracting the spectrum smoothed with the Butterworth filter and averaging over data segments.
The standard deviation is depicted as (orange).

signal candidates further, all the signal candidates that
pass our three signal criteria should be kept as possi-
ble axion signals for future searches. While one should
investigate the signal candidates deeply by studying
their noise properties or should ckeck their consistency
with the magnetic field data at other observatories.

In Table V, we list the signal candidates with SNR>
2 and at low frequencies (below 1Hz). In the previous
study using SuperMAG 1-second sampling data [11],
there were three signal candidates with modest signif-

icance. However, none of the candidates in Table V is
identified with those found in the previous search. Al-
though our sensitivity is slightly worse than that in the
previous study at 0.2630Hz, which is one of the signal
candidate frequencies in the previous search, we did
not find any signal candidate at the frequency and con-
strain the existence of axions with coupling strength
larger than gaω ↭ 1.3→ 10→11 GeV→1 at 95% CL.

Stacked diff. Spectrum

Data analysis ~sketch~

342 candidates 
at 0.4—43 Hz

1. Stacking their segments with consecutive 8 hours in the Fourier domain  (Δf/f ∼ 3 × 10−5)
2. Calculating the ‘differential' spectrum by applying a low-pass filter & subtracting the smoothed 

component

3. Identifying possible candidates of axion signals with   for both each and all yearsS/N ≥ 2

AT, Nishizwa & Himemoto (’25)
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Using 11 years public data at Eskdalemuir observatory 
Nishizwa, AT & Himemoto (’25)

(31 candidates for  )S/N ≥ 5

 (noise is RMS of diff. spectrum)

(Butterworth)

Orange: standard deviation



Candidates with high S/N

 31

S/N=8.7

f = 23.4375 Hz

Stacked diff. Spectrum

S/N=9

f = 1.9167 Hz

f = 1.3333 Hz

S/N=8.6

f = 15.6250 Hz

S/N=13
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FIG. 2: Weighted-average di!erential PSD of the mag-
netic fields, stacked over all eight-hour data segments,
ŝ(fa) (blue). This is obtained by subtracting the spec-
trum smoothed with the Butterworth filter and averaging
over data segments. The standard deviation is depicted as
(orange).

is unknown. For the reason, we eliminate the data
surrounding these integer-valued frequencies (±1000
bins). The resultant PSD is shown in Fig. 2.

The search for the axion-induced signal consists of
evaluating the signal-to-noise ratio (SNR) for each fre-
quency bin and selecting the candidates that exceed a
certain threshold of the SNR. The standard deviation
of the weighted-average di!erential PSD is calculated
from the surrounding ±200 bins excluding the three
bins around f = fa, and is shown in orange in Fig. 2.
We regard this as noise amplitude to estimate the SNR
for the axion signal at fa, and evaluate the SNR from
0.01Hz, below which the number of samples is insuf-
ficient, to 44Hz, above which the estimated spectrum
is unreliable due to the Nyquist frequency.

We then search for signal candidates by requiring (i)
SNR > 2 in all-year data, (ii) SNR in each year’s data
larger than the SNR threshold (2 in our case) weighted
by the sum of the inverse of noise variances in the
year, ensuring persistence over the entire observation
period, and (iii) that their frequencies are not within
10→3 Hz from the multiples of 0.05Hz. The third con-
dition is for excluding likely artificial line noises. We
found 342 candidates (For the number of signal can-
didates for di!erent SNR thresholds, see [24]). These
candidates appear in a single frequency bin, consis-
tent with the sharpness of an axion signal. There are
1 candidate with significant SNR (13.342) and 31 can-
didates with SNR> 5 for the all-year data. In any
case, lacking enough information to veto them, we
must keep them as potential axion signal candidates.

Apart from 342 signal candidates detected in the fre-
quency band of 0.43→ 43.9Hz, we found no axion-like
signal and can therefore impose upper limits on the ax-
ion coupling strength. The 95% C. L. upper limit on

FIG. 3: Constraint (95% C. L.) on the axion-photon cou-
pling gaω from the long-term monitoring data of magnetic
fields at Eskdalemuir observatory (this work, blue). Other
excluded regions are from SuperMAG [7, 8], SNIPE [11],
Planck and unWISE blue galaxy sample [28], CAST [9, 10],
and Chandra [25–27]. The data are taken from [29].

the axion-photon coupling strength is obtained from

∫ ĝaω(ma)

0
dŝ p[ŝ(ma)|gaω(ma)] = 0.05 , (4)

where ĝaω(ma) is the observed value of the cou-
pling strength converted from ŝ(ma) by ŝa(ma) =
2Tseg|Btot(ma)|2 (see Ref. [24] for the derivation) and
the theoretical curve in the bottom panel of Fig. 1,
and p[ŝ(ma)|gaω(ma)] is the probability density distri-
bution of the weighted-average di!erential PSD in the
presence of axions.
Figure 3 shows the upper limit on the axion cou-

pling we obtained, together with other observation
bounds. Around the axion mass of 3 ↑ 10→14 eV, the
upper limit is the tightest and is improved from that
by CAST [9, 10] by about two orders of magnitude,
and exceeds that obtained from astrophysical X-ray
observations by Chandra [25–27]. In the lower mass
range, our constraint is weakened because of fixing
the data segment size to 8 hrs and using broader fre-
quency resolution, irrespective of the coherent time of
axions. In the higher mass range above 10→14 eV, the
constraint is also weakened due to the suppression of
the magnetic field response to axions.
Conclusions and outlook. AN: Can we make the
conclusion shorter because the long summary is not
necessary for a letter?
The terrestrial EM waves in extremely low-

frequency bands o!er an interesting opportunity to
search for ultralight axion dark matter. In this letter,
we consider the EM waves induced by the coherently
oscillating axions in the presence of Earth’s magnetic
fields. We look for the characteristic spectral feature in
the long-term monitoring data of magnetic fields that
are publicly available. Using the theoretical prediction

Axion Kinetic-mixing parameterAxon-photon coupling parameter Dark photon

Nomura et al. (in prep).AT et al. (’25) & Nishizawa et al. (‘25)

Preliminary

Still, 342 potential 
candidates are left



Summary & future prospects

Future prospects

• Gravitational waves

• Induced EM waves at ELF band are also expected from 

via graviton-photon conversion

• Jupiter may offer an opportunity to expand discovery space

Signal enhanced 

by 4 order of mag. !ℒEM = − (1/4)gμαgβνFμνFαβ
ρσ

Jupiter
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• Dark matter having other types of EM couplingYour suggestions 
are welcome !

A novel dark matter search in the terrestrial EM fields
at extremely low-frequency bands (0.3–30Hz)

DM weakly coupled with EM produces a persistent EM wave having a sharp spectrum

A new theoretical calculation & search for DM signature using geoscience data
(axion & dark photon)

• Follow-up measurements by environment monitoring data at GW sites


