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Nambu-Goldstone bosons, or axions, may be ubiquitous. Some of the axions may have small masses and
thus serve as mediators of long-range forces. In this paper, we study the force mediated by an extremely
light axion, ¢, between the visible sector and the dark sector, where dark matter lives. Since nature does not
preserve the CP symmetry, the coupling between dark matter and ¢ is generically CP violating. In this
case, the induced force is extremely long range and behaves as an effective magnetic field. If the force acts
on electrons or nucleons, the spins of them on Earth precess around a fixed direction toward the Galactic
Center. This provides an experimental opportunity for ¢ with mass, m,, and decay constant, f, satisfying

my <1075 eV, f, <10 GeV if the daily modulation of the effective magnetic field signals in

magnetometers is measured by using the coherent averaging method. The effective magnetic field
induced by an axionic compact object, such as an axion domain wall, is also discussed.

DOI: 10.1103/PhysRevD.104.095010

I. INTRODUCTION

Despite the evidence of CP violation, the strong sector
has a very good CP-symmetric structure, which is unnatu-
ral and dubbed as a strong CP problem. This problem may
be solved by the existence of a QCD axion [1-4], which
makes the QCD sector of the standard model (SM) settle
into an almost CP-conserving vacuum.

Interestingly, string or M-theory may predict an axiverse
[5-8], in which huge amounts of axions exist. The masses
are generated by nonperturbative effects and thus spread
over a wide range. Some of the string axions may be heavy,
while some may be very light. Generic axions, or pseudo-
Nambu-Goldstone bosons, have also been discussed widely
[9-28], especially in the context of the dark matter (DM).
Other than the dominant DM, some axion may form
topological defects like cosmic strings or domain walls
[29-31], and some may become the dark radiation [32-37].
Phenomenologically, a hint of the isotropic cosmic bire-
fringence of cosmic microwave background polarization
was reported [38]. The birefringence can be explained
by the existence of (a) very light axion(s) or axionic
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topological defects coupled to photons [31,38—41] (see
also Refs. [42-50]). See Refs. [51-57] for reviews.

The axion can also play the role of long-range force
contributing to the monopole-monopole, monopole-dipole,
and dipole-dipole type interactions between the visible
sector particles [58,59]. (See also Refs. [51,60,61].) To
have a monopole source, we need a CP violation between
the axion and visible particles. Although the CP feature of
the SM highly suppresses the monopole coupling, one may
get constraints comparable to the astronomical one [62,63].
Furthermore, the monopole-dipole interaction may provide
strong evidence of the presence of the QCD axion in the
ARIADNE experiment [64,65]. In general, the force
becomes longer range if the axion mass is lighter.

In any case, a dark sector must exist to explain the
missing mass of the Universe. Here we notice that, unlike
the unnatural QCD sector, the dark sector may be gen-
erically CP violating. For instance, as we show in
Appendix A, in a dark QCD model, the dark nucleon
provides a monopole force if we do not tune the strong CP
phase. With several axions as in the axiverse, the vacuum of
the axion potential can be CP violating, and then the axion
DM emits the monopole force. Also, axionic topological
defects generally emit the monopole force.

In this paper, therefore, we study the possibility that an
ultralight axion plays the role of cosmically long-range
force between the CP-violating dark sector and the visible
sector particles. We call it a cosmic axion force. A dark
sector particle or a compact object emits the cosmic axion
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Dark sector

Earth

FIG. 1. A conceptual diagram of the detection for the cosmic
axion force with a magnetometer. The long-range force emitted
from a CP-violating dark sector, e.g., DM or compact objects
(black), behaves like a constant magnetic field (purple dashed
lines) that cannot be shielded as an ordinary magnetic field. Since
the Earth (blue) is rotating along its axis, signals from the cosmic
axion force measured by a local detector (red) have a daily
modulation depending on the declination angle 6.

force with a “monopole potential” o 1/r. We point out that
via the monopole-dipole interaction the cosmic axion force
behaves as an effective magnetic field, which induces the
spin precessions of axion-coupled SM fermions all over the
Earth around a fixed direction (see Fig. 1). This axion-
induced magnetic field remains intact when the ordinary
magnetic fields are shielded. Such precession can be
identified by carefully measuring the daily modulation of
the effective magnetic field by magnetometers with a high
enough sensitivity.

Magnetometers are popularly used in direct detections of
the axion DM in the experiments of ABRACADABRA
(Lumped Element) [66,67] and CASPEr [68-72] (see also
Refs. [73,74]). In these cases, the induced magnetic field is
along the direction of the DM velocity, and the strength is
time varying. In contrast, the magnetic field induced by the
cosmic axion force is toward the direction of the denser
place of the source, e.g., the Galactic Center for the DM,
and the strength is almost constant in time and, therefore,
distinguishable from the direct detection of the DM.
Compact object can be searched for in the magnetometers
of GNOME [75-77]. The induced effective magnetic field
is also time varying.

This paper is organized as follows. In the next section,
we give the theoretical background on the cosmic axion
force emitted from DM and a compact object and estimate
the effective magnetic field for the spin precession. In
Sec. III, we discuss the experimental opportunity. The last
section is devoted to the conclusions.

II. CP-VIOLATING AXION AND AXION FORCE

An axion, ¢ which can be seen as a pseudo-Nambu-
Goldstone boson, is a CP-odd scalar. Thus, with CP

symmetry and the shift symmetry, under which, respec-
tively, an axion transforms

¢p—>—¢p and ¢ —)+a, (1)

the ¢ couplings to particles are controlled. Here, « is a real
arbitrary number. However, CP is violated in nature. This
means, in general, the axion couples to particles, such as
those in the dark sector, via CP-violating interaction (see
Appendix A for concrete examples).

The exception is the couplings to the SM fermions. The
coupling, especially to the nucleon, is almost CP sym-
metric since CP symmetry miraculously exists in the QCD
sector; the nucleon electric dipole moment (EDM) has not
been observed. There are also severe constraints in the fifth
force searches [78—80], which not only constrains the CP-
violating coupling to a nucleon but also an electron.

In this section, we study the axion mediated long-
range force between the CP-violating dark sector and
CP-preserving SM sector (by neglecting the Cabibbo-
Kobayashi-Maskawa-induced effect for simplicity unless
otherwise stated). We emphasize that we will not take ¢ as
the QCD axion throughout this paper, but we consider it
as a generic axion particle that may arise from string/
M-theory. The potential (around the minimum) is assumed
to be

2
volige 2)
2
This term violates the shift symmetry Eq. (1). We write this
term since we would like to clarify the viable range for ¢
mass in our scenario. As we will see with mj, — 0, our
mechanism also works.

A. Cosmic axion force from CP-violating
dark sector

Let us estimate the axion force from a CP-violating
source, J (1, )_c’) in the dark sector. The equation of motion of
¢ = ¢ — (¢p) with (¢) being the vacuum expectation
value, in flat spacetime, is given by

(07 = V2)op(1.X) = —mydgp(.X) = J(1.5).  (3)

where my, is the mass of ¢. We parametrize

J = eClf] p—D;f ) (4)

where e quantifies the CP violation in the dark sector, C[7]
is a model-dependent coefficient, which we will take to be 1
for simplicity; f, is the decay constant of the axion; and
pps represents the energy density of a dark sector field in
the current Universe. In Appendix A, we show that various
sources in concrete models of the dark sector can be
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represented in this form. We also show the case when C[t] is
varying in time.

To solve the equation from a general source, we first
calculate the potential from a point source:

JP(1.3) = 3 (). (5)

We obtain the solution to Eq. (3) as

N 1
5P (1,X) = Eexp(—m(f,r), (6)

where r = |X|. As a result, the force from a general
nonrelativistic, stationary, distribution can be given by
the superposition of

5¢(t,)?)z/d3£’€p%¢(x/)6¢l’s(t, i-2).  (7)

The energy density of the dark sector, ppg, has “charge”
€/ fy for the force. Note that, even if € is nonvanishing,

the force 55(15 would be vanishing if ppg were spatially
homogeneous. However, as we will see, the dark sector
density is generally spatially inhomogeneous.

B. Cosmic axion force acting on CP-preserving
SM sector

We can discuss the phenomenon of the long-range force
mediated by ¢. From the aforementioned reasons, we
assume that the axion ¢ has shift and CP-symmetric
interactions to SM fermions y. The lowest dimension term
is given as

¢, 0,9
fo

L= wysr'w, (8)

where ¢, is a dimensionless constant. If there is such a term
coupling to quarks, one obtains the couplings to the
nucleons below the QCD scale

D¢ _
o N ”¢N757"N, )

where ¢y is a constant which is related with ¢, for quarks
and N = p, n is a nucleon. We emphasize that ¢ is not a
QCD axion. Since interaction (8) itself is completely shift
symmetric, the QCD instanton does not generate the
potential of ¢. In other words, the shift symmetry is
anomaly free to the color gauge group [53,81-88].

At the nonrelativistic limit of the fermion, one obtains
the interacting Hamiltonian as

Hx-S8sp 5. (10)
fo

Here, i = e, u, n, p, etc. We can make a proper Lorentz
transformation from/to this basis to get the Hamiltonian in
the relativistic limit.'

The Hamiltonian resembles the one for magnetic
moment interaction, uiéé’i. One can identify the “magnetic
field” of

- Ci55¢
By =
& (,Uif ¢)

(11)

coupled to the “magnetic moment,” u;6. The neutron
(i =n) has the value of u,~—19u, and a proton
(i = p) has pu, =~ 2.8y, where puy = e/2my ~0.1e - fm is
the nuclear magneton. For the charged lepton i = e, y, T,
u; ~ e/2m;. Because of the magnetic field, the spin of the
fermion precesses. The precession frequencies are given as

— |§ ff|
felectron = 24day ' feT

(12)

|Eeff|
o (13)

fproton = 1'3year_1 2
for the electron and proton, respectively.

C. Cosmic axion force from DM

Let us give some concrete examples for the cosmic axion
forces. A most important source perhaps is the DM.
Because of the primordial density perturbation and struc-
ture formation, the DM must be spatially inhomogeneous.
Alternatively, we may also have compact objects formed by
DM [25,90] or topological defects such as domain walls
[29-31], which will be our later topic.

We divide the energy density of the DM, ppg, into two
parts,

PDS = Pgalactic + Pextras (14)

where pgaaciic (Pexira) 18 the energy density contribution
from our Galaxy by assuming some standard distributions
(extra Galactic component).

'Since 8¢ is time independent, boosting a fermion does not
enhance the spin precession frequency (it is enhanced in the rest
frame by a Lorentz factor due to the Lorentz contraction, but it
cancels out in the Laboratory frame due to the time dilation). This
is different from the fermion precession in an oscillating axion
DM background. In this case, the spin precision is proportional to
the velocity, and thus the precession frequency is enhanced by a
Lorentz boost [89]. On the other hand, a deuteronlike particle
has a negative anomalous magnetic moment. In a storage-ring
experiment of the particle, the spin can be frozen in the laboratory
frame. It may be a good experimental tool for searching for the
cosmic axion force.
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Let us adopt the Navarro-Frenk—White (NFW) DM
profile for pgacic [91,92]. One can calculate the force
contribution from

Pl r\ 2
Pgalactic = PNFW — % <] +_> s (15)

where p, % 0.184 GeV/cm?, r, ~ 24.43 kpc, and the posi-
tion of the Sun is at r = rg = 8.33 kpc. Then, one can
calculate the potential from Eq. (7) and obtain the cosmic
axion force by taking the derivative. This contribution
gives By toward or opposes to the Galactic Center
depending on the sign of c;e. This is because the DM
distributes spherically around the Galactic Center in the
NFW profile. With the other DM profile for pggjqcic, the
resulting cosmic axion force does not change much. For
instance, if we adopt the Burkert profile [93,94] (see also
Ref. [95]), the force will differ at most by O(10%) in the
range my < 1/rg with using the parameters in Ref. [92].

In most of the space within the horizon, p.., should be
Perit X Qpm, Where the critical density of the Universe
Pait © 1.1 x 107> h2GeV/cm® and Qpyh?® = 0.12 [96],
with h ~0.67 being the reduced Hubble parameter. An
inhomogeneous distribution must exist due to the primor-
dial density perturbation of O(107*)% from inflation [96].
We parametrize the inhomogeneity of p.y ., as

- 1 \-! 5 N
= </)crit'QDM %) / d3x,pextra(xl)

X —
— |3

=l

x exp(—my|% — x'|). (16)

1

=l

If the dark sector distribution is spatially inhomogeneous,
& # 0. We turn on this contribution if r > r,. If the peya
contribution is dominant, we obtain an effective magnetic

= 2 %O . . .
field of p;Bys = € ‘”}?Z‘% which should increase if we
S

decrease m by fixing f,. However, as we will see soon,
this component is subdominant when m, is greater than the
Hubble constant.

The cosmic axion force induces the spin precession of
the SM fermions that couple to the axion. The effective
magnetic fields are given in Fig. 2 with & = 107> for the
nucleon and electron precessions in the upper and lower
panels, respectively, with ¢, =1 and ¢, =1. e=1 is
fixed. Red dotted contours represent the possible sensitivity
reaches of magnetometers (see Sec. III). The shaded region
in the bottom may be excluded by astrophysical bounds
(see the following). With general €, c;, the vertical axis can

s -1
be regarded as loglo(\/ (gﬁ,{;{% gi];MDM) m,, mpm/ GeV)
with gEfJ,)il,,,. = ¢, m, [f, and g%MDM =empy/f, (see

also Appendix A for g%MDM). When 1/my, is much larger
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FIG. 2. Contours of the effective magnetic field, Eeff| [T], for
proton (upper panel) and electron (lower panel) from the cosmic
axion force induced by the DM with ¢, =1 and ¢, =1,
respectively. In both figures, we take ¢ = 1 and assume the
NFW DM profile. The direction is toward or opposes to the
Galactic Center. The lower colored region may be excluded by
astrophysical bounds. The red dotted curve represents ~0.5 aT,
the sensitivity reaches for the magnetometers estimated in the
next section.

than rg, the induced magnetic field is almost constant. This
is because the force from r > rg cancels out. This effect
represents that the force is dominantly from the DM around
the Galactic Center. When 1/m,, is much larger than the
size of our Galaxy, on the other hand, the force from the
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density perturbation should become more important in
principle. However, from the numerical estimation, we
found that the extra-Galactic component is subdominant in
the mass range shown in the figure. When 1/m, is larger
than the range shown in the figure, i.e., larger than the
horizon size, the cosmic axion force from out of the Hubble
horizon should not reach us. Therefore, we can conclude
that the robust prediction of this scenario is the direction of
the effective magnetic field, which is toward or opposes to
the Galactic Center.”

If the dark sector particle, on the other hand, forms a
compact object, the force direction might be biased to the
object. We can use &>> 107> to estimate the size of the
magnetic field for this effect. The formation of a compact
object, the position, and the typical £ are model dependent.
We will discuss the possibility of the cosmic axion force
from an axion domain wall in Sec. II D.

1. Constraints on the DM scenario

The axion is extremely light, and it couples to the
SM fermions. Such an axion may be constrained from
astrophysics and cosmology. Since the energy density
or the potential height, p, < fjm3, is extremely small

in the viable region (f; < 10" GeV), the constraints for
the overproduction of ¢ as DM or dark energy [97] are
negligible. However, there is an important constraint: the
stellar cooling. If ¢ couples to nucleon (electron), fy4 2
10® GeV (f 2 10° GeV) is required from the cooling
constraints of SNI1987A [98-101] (red giant stars
[102,103]). With f, < 10® GeV, one should also care
axion monopole force induced by the nucleon in the
QCD sector via CP violation [58,59]. If the strong CP
phase, 6cp, is nonvanishing, an axion-nucleon Yukawa
coupling is induced g, vy ~ Ocpfr/fa With f, ~ 130 MeV
being the pion decay constant. In fact, the
strong CP phase should not be completely vanishing
and should satisfy 107'7-107'¢ < |0cp| < 10710 Here,
the upper bound is from the nonobservation of the neutron
EDM, and the lower bound comes from the electroweak
contribution (by assuming a QCD axion) [104]. Even if we
introduce the QCD axion to solve the strong CP problem, a
CP-violating weak interaction drives the minimum of the
QCD axion slightly away from the CP-conserving place.
By taking into account the CP-violating effect, the nucleon
also induces a monopole potential, which is constrained by
the aforementioned test of monopole-monopole interaction
[78] and monopole-dipole interaction [105] between visible
particles (see also Refs. [51,60,61]). We get the constraint
fp 2107 GeV if Ocp = 1077 for my < 107" eV. We find

*We have used & parameter to take account the extra-Galactic
contribution. In addition, we have checked that the axion force
from Virgo cluster is smaller than the Galactic component by 2—3
orders of magnitude when the axion force is reachable.

that the reach of f,, ~ 10'* GeV for our monopole-dipole
interaction between dark and visible sectors can be many
orders of magnitude beyond those set by the astrophysical
and ordinary long-range force constraints.

The reason that the cosmic axion force from DM can be
very strong is that the force is from a constructive super-
position over a cosmological scale. This is similar to the fact
that we feel gravity despite it being extremely weaker than
the electromagnetic force. The reason that the interaction
between dark and visible sectors is less constrained than the
one between visible sectors is the difficulty of measuring the
dark sector interaction. Indeed, the constraint on DM
monopole-monopole interaction is even weaker [106]. For
instance, the asymmetric DM from dark baryon (see
Appendix A), which may have mass around my =
O(1) GeV, should satisfy f, > 1072my.

D. Cosmic axion force from domain wall

A simple example for a compact object or a topological
defect is a domain wall. There are various mechanisms
to form the axion domain wall [29-31]. The interesting point
for our scenario is that the interaction between an axion and a
axion domain wall is generically CP violating (see the
Appendix A). If the axion domain wall follows the so-called
scaling solution, we expect O(1) domain walls within a
Hubble horizon. To evade the domain wall problem, the
tension of the domain wall should satisfy [107,108]

opw < (1 MeV)3. (17)

If the axion domain wall couples to another axion, ¢, the
long-range force is emitted from the wall. The limited
amount of the domain walls implies that the force is difficult
to cancel out unless we tune the position and direction of
several domain walls. In the following, we consider for
simplicity that there is only a single domain wall inside our
Hubble horizon and stretch over perpendicular to the position
vector, 7pw.

The potential from a nonrelativistic domain wall can be
calculated as

-
4 /

X—X

5p(1, %) ~ / i3, e‘]’CDW S (1, ), (18)

¢

where the integral is performed on the surface of the
domain wall. Then, we obtain, analytically,

N GDW e_m(b‘;DW‘
Sp(1.%) = eVE (19)

The force is perpendicular to the wall and behaves as an
effective magnetic field, e.g., for a proton as
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- - 10'2 GeV)\ 2
|Bes| = 3 aT x 7Dw€Cp€_rDWm¢< < ) ( oW

f¢ 1 MCV)3 ’
(20)

where ypw = 1/4/1 — (7."]3\;\;)2 is the Lorentz factor for the

domain wall motion, which takes into account the Lorentz
contraction and may enhance the magnetic field. This is
exponentially suppressed if |7py| is larger than 1/m,,. For
the cosmic axion force mediated by a lighter axion than
1/|Fpw, the effective magnetic field does not depend much
on the distance to the domain wall. Therefore, the cosmic
axion force can be mediated to Earth from an extremely
distant domain wall.

We may wonder if the axion, a, forming the domain wall
can also mediate the force. Indeed, there is a force mediated
by a. That is nothing but the gradient of the domain wall
configuration. The corresponding magnetic field is now
being searched for in the GNOME experiment [75-77].
The experimental advantage of introducing another light
axion is that the force range, 1/m,;, can be much longer
than the wall size 1/m, with mj < m,. Then, the prob-
ability for the interaction with the detector on Earth is
extremely enhanced. The disadvantage may be that the
magnetic field is almost a constant value unless |Fpw| ~
1/my and the domain wall is moving.

III. MEASUREMENT OF COSMIC
AXION FORCE

So far, we have discussed some theoretical points of the
cosmic axion force, which behaves as the effective mag-
netic field and induces the spin precession of the SM
fermions.

This magnetic field features the following properties:

(1) The effective magnetic field is kept intact even if we

shield all the ordinary magnetic fields away (see also
the discussions in Sec. III C for electron coupling).

(i) The effective magnetic field is toward a fixed

direction, as the Galactic Center, everywhere
on Earth.

(iii) The effective magnetic field is almost constant

within an experimental timescale say > 1 day.
There are several methods to test the fictitious magnetic
field using highly sensitive methods such as the optical
magnetometer, SQUID magnetometer, or nuclear magnetic
resonance. The optical magnetometer, especially the spin-
exchange relaxation free (SERF) comagnetometer, is one of
the promising methods to test the cosmic axion force acting
on the polarized nuclei due to the insensitivity of the
detector to the magnetic field drift and gradient. For
instance, the K-’He comagnetometer [109] is composed
of two polarized spin elements, K (electron) and *He
(nuclei). The polarized *He suppresses the ambient ordinary
magnetic fields and gradients to the K spin. The 3He spin

cannot suppress the fictitious magnetic field induced by the
axion force. Therefore, the net (effective) magnetic field
acting on the K spin is nonzero, and thus the spin rotates.
From an optical method, we can measure the slowly
varying magnetic field via the K spin rotation. Because
of the stability of the spin system, the K-*He comagne-
tometer works at frequency <5 x 107!° Hz [110], which
includes the region of our interest. When the axion couples
to quarks, the induced effective magnetic field on the *He is
of the order of the proton one. Thus, we can use the upper
panel of Fig. 2 to estimate this case.

A. Magnetometers and daily modulation

A magnetically shielded atomic magnetometer could be

a detector for the pseudomagnetic field, Eeff. It effectively
screens conventional magnetic fields for a whole day,
and the axionic monopole signals can be accumulated.
However, usually, an atomic magnetometer has directional
sensitivity, and this direction will have a precession unless
it is orthogonal to the axial tilt direction. Here, we consider
the detector directing along the celestial equator, for
simplicity, to reduce precession error.

When the magnetometer is operating, the axionic
monopole gives a constant signal for a short period. By
taking into account the Earth’s rotation, the signals have
daily modulation. Figure 1 illustrates a conceptual diagram
of the possible monopole (black) search using the atomic
magnetometer as a detector (red) in the Earth (blue). The
angle between the monopole position vector from the
detector and its sensitive direction is #. Thus, the daily
modulation depends on 0. Roughly speaking, the signal
amplitude is reduced by a factor of cos(6). Then, the daily
modulation peak-to-peak amplitude will be

5B z2|§eff|c0s9, (21)

where the cosine term gives cosd > 0.1 for 6 < 84.3°. For
practical case, one has

5B > 0.2| By (22)

In the following, we estimate the sensitivity, by taking
care of the daily modulation by taking cos@ = O(1). We
note that, since we know the direction of the Galactic
Center (the Galactic longitude and latitude ~0), we can
optimize the direction of the detector when we measure the
force from DM.

B. Sensitivity estimation

There are two ways to average data depending on the
experiment conditions: incoherent averaging and coherent
averaging (see Appendix B). Although incoherent averag-
ing conserves energy during the averaging process, coher-
ent averaging reduces the energy components of noise,
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resulting in higher signal-to-noise ratio (SNR) for the same
average number. Coherent averaging can be utilized if the
signal has coherence during the measurement time, or if the
phase of the signal is known. The cosmic axion force is
supposed to be constant during the measurement time. But
the magnetic field induced by the cosmic axion force
oscillates, for example, with the rotation of the Earth (or
rotation of the detector). In this case, the phase of the
cosmic axion-induced magnetic field can be recorded. The
measured data can be coherently averaged, and the SNR is
expressed as

B..
SNR = —£ /2N, (23)

noise
where By, is the strength of the cosmic axion force-induced

magnetic field in the frequency domain, B, is the
magnetic field noise fluctuation in the frequency domain,
N is the number of experiments that perform a coherent
averaging, and the v/2 factor is attributed to the experimental
characteristics that utilize only one component of the
frequency component of noise using the phase information.
The noise fluctuation B, can be written with magnetic
field spectral density (6B,,) and the resolution bandwidth b:

Bnoise = 5Bn \/E (24)

For example, the nucleon-electron comagnetometer has
sensitivity order of 1 fT/y/Hz range in the low-frequency
region less than 1 uHz [109-111]. The target sensitivity is
set with (to be) a target SNR of 5, averaging over 300
sidereal days with a resolution bandwidth of 20 yHz. The
detectable signal, then, can be estimated as

By, ~ 067 aT| k| [3%]%7| 9B, b_|* 1
sig 7 5 || N 1 fT/Hz| |20 uHz| /2
(25)

C. Magnetic shielding and force
direction measurement

Most atomic magnetometers use either alkali metals or
noble gases. Those magnetometers have two steps (if one
omits optical pumping): first, spin precession motion with
angular frequency @ under magnetic field B,

® = yB, (26)

where y is the gyromagnetic ratio of an optical medium, and
the second step is probing a polarization by dichroism or
birefringence.

We have started with an atomic magnetometer having
an exotic electron spin coupling to a light axion. How-
ever, since the axion force also acts on the electron in a
ferro-/ferrimagnetic shielding, this electron coupling could

be screened [112]. Since they are conventionally used in
atomic magnetometers, the effective magnetic field seen by
an electron will be suppressed by O(100) if this effect fully
occurs. However, we argue that this problem may be
avoided if the effective magnetic field is in sub-femto
Tesla range. The timescale of the induced motion of an
electron spin is longer than a day [see Eq. (12)]; i.e., the
induced magnetic field for the shielding is in the time-
averaged force direction in the laboratory frame. However,
the (daily modulating) spin precession may be around a
different direction than the original force direction due to
the shielding. In this case, we may measure the force
direction with several detectors at different places like in
GNOME. An alternative simple possibility to avoid this
problem is to rotate the shield much faster than feciron
while keeping the magnetometer intact.

Instead, nucleon coupling is not affected by the magnetic
shielding, and we do not need to care about this issue.
From the daily modulation of the nucleon spin motion, we
can measure the force direction. It will be smoking-gun
evidence of our scenario if the force direction is toward the
Galactic Center.

IV. CONCLUSIONS

We have studied a very light axion as a mediator of a
long-range force between the dark sector and visible sector.
The key assumption is that the dark sector, from which
the force originates, has CP violation. Even if the dark
sector component is extremely far away, it can affect the
laboratory detector on Earth via the long-range force. The
force behaves as a magnetic field, which induces the spin
precessions of nucleons or leptons. The precession is
around a fixed direction and is kept even with an ordinary
magnetic field shielding. Such precessions can be detected
in magnetometers via the daily modulation of signals. The
constant effective magnetic field toward the Galactic Center
is a smoking-gun prediction of the cosmic axion force from
the dark matter.

Let us mention a few extensions of our proposal. First of
all, a similar scenario can be obtained if the dark sector is
charged under a dark Abelian gauge group, whose gauge
field couples to the visible particles via electric dipole
moment operators. Another interesting possibility is that
the axion ¢) forms nontrivial distribution around an ordinary
star like in Ref. [113,114], which discusses finite density
corrections for the QCD axion potential in a neutron star. In
our case, ¢ does not get the potential from QCD instanton,
and this effect is neglected. However, the Peccei-Quinn
symmetry can be restored inside a star if the Peccei-Quinn
field for the axion is light enough compared to the finite
density effect inside a star. The Peccei-Quinn field and
matter coupling may be caused by the mixing between the
Peccei-Quinn field and the Higgs field. Then, the axion
field may obtain a nontrivial distribution around the star,
and thus the gradient of ¢ behaves as the cosmic axion
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force. In this case, the force direction may be almost toward
or opposed to Sun, especially when 1/m; is not much
larger than the distance between the Earth and Sun.
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APPENDIX A: DARK SECTOR MODELS WITH
CP-VIOLATING AXION COUPLING

Let us explain that the axion coupling to the dark sector
may easily violate CP. To restrict ourselves, let us consider
that the theory has CP symmetry at high-energy scales (at
the perturbative level).

1. Dark QCD with a strong CP phase

For instance, we can consider a QCD-like model (we call
it dark QCD) with a nonvanishing strong CP phase coupled
to the axion with (1),

. Db - _
L2 -GG - % (wysy'u' +d'ysy*d), (A1)

where we have neglected to write down the kinetic (and
mass) terms. Again, we notice that the axion does not solve
the strong CP problem for this model since the Lagrangian
is shift symmetric under ¢ — ¢ + o and ¢ never has a
potential to eliminate 0. Here, we have assumed that the
dark quarks have two flavors, and the axion couples to them
universally. This is quite similar to the ordinary two-flavor
QCD except for the CP phase and the axion couplings.
Thus, we expect confinement for large enough gauge
coupling. Then, the dark nucleon, N’, will have a CP-
violating Yukawa interaction, L.y D —g¢N/N/¢]\_7’ N', with
the coupling satisfying [58,59]

g N'N = QICPCW/
¢ fo

mufmd!
(mu’ + md’)

(N'i + ddIN'). (A2)

If my ~my ~ (N'|i'u' +dd|N') ~mpy, with my: being
the mass of the dark nucleon, we obtain the CP-violating
coupling of order

me

gpnn' ~ Cyrcp T, (A3)
¢

For comparison, we mention that in the ordinary QCD, due
to the fine-tuning of the strong CP phase, this term is small.
However, if 6 is not finely tuned, we have CP-violating
coupling between axion and the nucleon. When the dark
nucleon composes the dominant DM, we get € ~ Ocpc,,,
and thus e = O(1) if there is no tuning. The dark nucleon
could also be the asymmetric DM, in which case the mass is
my = O(1) GeV.

2. Spontaneous CP breaking in axiverse

In axiverse, many axions, ¢;, have a potential generated
by a nonperturbative effect,
V= V(¢i/fi)7 (A4)

where f; is the decay constant. The axions enjoy discrete
shift symmetry

¢i/fi = @i/ fi + 2x, (AS)
under which the potential is invariant,
V(gi/fi) =V(gi/fi+ 2x). (A6)

The periodicity implies that the potential can be given in the
form

(A7)

V= —A4ZKJ- cos (Zn{%—l— 9j>,

where n] are integers. (We omit the constant term to cancel
the vacuum energy today.) Immediately, we find that there
are CP phases, 0;. Therefore, there could be CP violation
in general.

Even if we take the “CP-symmetric” limit, 6; = 0, the
CP symmetry can be spontaneously broken. For simplicity,
we consider a two-axion model with potential given by

V=-A* (K‘l cos (na %) + Kk, cos (}% + f%)

+ K3 COS <n¢ %) )
¢

with «; 2 ky,k3,n, > 1; then, we can integrate out a,
which has local minima (a)/f,~0,2z/n,,4z/n,--
(n, — 1)27/n,. The mass of a is

(A8)

nZA*
f
Except for the first minimum, we obtain a nonvanishing CP

phase from the spontaneous symmetry breaking. This
appears in the low-energy theory as

m2 ~ K,

(A9)
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Ve =~ —A* (K2 cos <9 + ]%) + K5 cOS <n ]%) ) . (A10)

where 0 = (a)/f,.” Let us expand the potential around the
minimum of ¢. We obtain

m2 A
Veff:%5¢2+3—‘j’a¢3+--~ (Al1)

Here, 5¢p = ¢ — (¢), with (¢)/fy = —0Ky/ (ks + n’k3),

4

m%’j o~ (K'2 + n2K3) f_ s (A12)
¢
and
2 4 2
KoKz 5 A N My
Ay~————(1-n*)—=+0@)=¢,—, Al3
y K2+K3n2( )f; C) '7, (A13)

which is nonvanishing if 8 # 0. This term is obviously CP
violating. This will give a source term for the long-range
force discussed in the next subsection.

Let us come back to the original potential Eq. (AS8); by
defining Sa = a — (a), we obtain the interacting term from
the second cosine term as

A
V> 7"&12545, (A14)
where
2 4 2
Kokan® A mj,
A, ~0—"" +0(@) =€, 2. Al5
Ky +i3n® fafy (@) fo (AL5)

Consequently, other than the self-cubic-interaction, the CP
breaking also induces the cubic interaction between
heavier, a, and lighter, ¢, axions. We mention that a can
be the QCD axion if it is anomalously coupled to the
gluons. In this case, we may identify k;A* as the topo-
logical susceptibility k; A*/n2 ~ (0.0756 GeV)* [122]. The
quality problem can be solved if x, is small enough [12] or
induce testable EDM in the proton EDM experiment if
Ky A* ~ (0.3 MeV)* [26]. For large enough k312, we obtain
€, ~O(10719)9, which induces the magnetic field of
O(1) aT for f, =108 GeV, 6 = O(1) and ¢, = 1. If
a and ¢ are both non-QCD axions with ky ~ k, ~ k3, m, >
m can be made by f, < f,. In this case, €, ~ O(6), which
is order 1 for n, = O(1).

If ¢ or a contributes to the density of the Universe (either
as DM does or whatever else), as long as it is non-
relativistic, one can approximate

3This kind of potential is known to lead to a consistent inflation
[88,115-121].

p’i—?cos[mt],

(8¢, 6a}(1.5) = (A16)

where p(X) = {py(X),p,(X)} (m = {m,, m,}) represents
the density (mass) of {¢, a}. We would like to obtain the
axion potential from source J. Here, we obtain

J = {A,547, A 5a%}. (A17)

Then, we can derive the solution to (3) as

S (X, 1)

_ (Lexp(—m(/)r) +cos<r\/m> cos(2mt)>.

dzr drr

(A18)
from a point source of the form

JP(1,%) = (cos [m1])?8° (X) = (1 + cos[2m1])8*(X).
(A19)

The oscillation term (second term) is not important if we
consider r > 1/m.

3. CP-violating interaction with axion domain wall

Even if the vacuum is CP conserving, we may still have a
topological defect that carries the charge of the long-range
force. To see this, let us take n, = ny = 1, in which case
the vacuum is (¢p) = (a) = 0, i.e., CP conserving. Consider
an a domain wall configuration, apw, which satisfies
apwlx,y, 2~ zpw]/fa ~ & mod 2z with zpy being a posi-
tion for a domain wall stretching in the x—y plane. At other z,
apw/ f. takes vacuum value (a)/f, ~0 mod 2z.

We can obtain

ov

950 ~ =iy N/ f g sinfapw/ fo] + 060/ f ).

(A20)

The domain wall width is around 1/m,,, and thus only within
the region |z — zpw| < 1/m,,, the ths ~ £k, A*/f, and is
otherwise zero. If 1/my 2 1/m,, we can approximate

ov K| A* 1
— | ~ 5 —_ —_—
966 (z = zpw) £y ma

Opw

fo

K2

~6(z — zpw)

(A21)

Here, the tension of the domain wall is given by opw ~ f2m,,.
Since pps = opwd(z — zpw)s l€] ~ |ka /K]
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APPENDIX B: INCOHERENT AND COHERENT
AVERAGING METHODS

Using incoherent and coherent averaging, each expected
probability distribution for the power/voltage spectrum can
be estimated using statistical theory. The incoherent aver-
aging is evaluated as averaging the injected power spec-
trum. Therefore, it conserves the averaged injected power
including noise. On the other hand, coherent averaging is
evaluated as averaging each component of the power spec-
trum and integrating each Fourier component. Therefore,
this average method does not preserve injected power but
only leaves signals with coherence. In this estimation, the
noise spectrum is white. Then, the single time-series noise
follows the normal distribution N(0, 62).

First, the probability distribution of incoherent averaging
is estimated as follows. The Fourier transform of N (0, 6?)
distribution is separated into the real part and imaginary
part. Each component follows the N (0, 267 /L), where L is
the length of the x;. Therefore, the power spectrum of x;
will follow the probability distribution 7 ;~N(0,26%/L)*+
N(0,26%/L)?, which is the scaled chi-square distribu-
tion with a degree of freedom of 2. Then, we average
this distribution with repetition number N. In symbolic
notation,

1 & 1 262\ 2

T=—N T =_— =
DRASIRI(ES

— 13y (B1)

Therefore, if we normalize the power spectrum to
262/(LN), it follows the chi-square distribution with a
degree of freedom 2N.

The probability distribution for coherent averaging, on
the other hand, can be estimated similarly. Coherent
averaging conducts the expectation operation to the time
series. Therefore, the averaged time series (x) follows the
distribution N(0,6?/N). The Fourier transform operation
to (x) makes power spectrum, and this spectrum will follow
the distribution 7. as

2\ 2 2
20 ) 207, (B2)

e :N(O’ﬁ = INAT

At the same time, the information about the phase of the
signal makes it distinguish the noise element. This implies
that a normalized power spectrum of the coherent averaging
method follows the chi-square distribution with a degree of
freedom 1.

From the derived distribution, the signal to noise ratio
can be evaluated explicitly. Assume the injected signal or
measured signal forms sinusoidal function with amplitude
u. Then, the distribution of the measured in the presence of

white noise follows noncentral chi-square distribution,
with noncentrality, 1 = u?/a, where a is the normalization
constant @ = 262 /LN. The 7 distribution has a mean value
k and a variance 2k. The normalization constant for the
power spectrum density is labeled as a = 26?/LN; then,
the SNRs for both averaging methods are calculated as

2
. KW /a
SNRi =
P VAN
2
o _M/a
SNRS =~ (B3)

7

The normalization constant a « 1/N; therefore, the SNR
has the relationship

SNRi, = (g) VN

A
SNRE = [ — | N,
: <ﬁ>

where A = u?L/206? is the noncentrality parameter of the
noncentral chi-square distribution. Clearly, for 1 < N, the
coherent averaging method always has a higher SNR than
that of incoherent averaging.

These behaviors can be evaluated numerically. The
time-series data (x;) are composed of sinusoidal signal
with a frequency 100 Hz and amplitude 0.02 V,,, and
0.2 V2/Hz of white noise with a sampling rate 10 kHz is
generated. We generated these time-series data N times.
Therefore, there are total N sets of the times-series test
samples, X = {x, x5, ..., xy}. For this time-series dataset
X, the voltage spectrum is numerically evaluated. Figure 3
shows the two different spectra with N = 10*. The coherent
averaging reduces the noise energy spectrum; therefore, it
makes the overall noise floor decrease as expected. On the
other hand, the incoherent averaging maintains the noise

(B4)

AN A AAN AN AN AN AN AN AN A AN AN AN AN
0.61
0.51

2 0.4]

£ —— coherent

5 0.3 —— incoherent

g

@ 0.2
0.11
0.0<AW\WM»WVWW\NWWWW4

0 25 50 75 100 125 150 175 200
Frequency [Hz]
FIG. 3. Simulation of the voltage spectrum depending on the

averaging method.
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FIG. 4.
coherent averaging.

energy spectrum, and the averaging process only reduces
the fluctuation at the same noise level. Therefore, for the
same averaging number, the coherent average has larger
SNR than incoherent averaging. The dependency of SNR
for repetition number is evaluated with enough high
injection signal strength (2 V., amplitude sinusoidal wave
with 100 Hz) to check the relation in Eq. (B4). Figure 4
shows the power SNR dependency to N. The calculated
SNR (black) is fitted using a model function f(N) = aN®?,
and the fitting parameter b is labeled in Fig. 4. The power

SNR of incoherent averaging grows with v/N, and that of

35000{ —— Fit power: 1.00
30000
25000

20000

SNR.

15000

10000

5000

0 200 400 600 800 1000 1200
Repetition Number N

(b)

(a) SNR dependency to repetition number N for incoherent averaging. (b) SNR dependency to repetition number N for

coherent averaging increases with N, which showed the
expected behavior.

At the same time, the distribution of the field (voltage)
can be evaluated for coherent averaging with phase
information. Since the axion force injected into the
atomic comagnetometer varies with the rotation of the
experimental apparatus, the measured signal follows
the distribution as N(u, 26?/LN). The distribution follows
the normal distribution, and the 5o rule is applicable to
set the target SNR to reduce the rescanning probability
under 0.01%.
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