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An ultralight axion with CP violating interactions with a dark sector and CP preserving interactions with
the visible sector can act as a novel portal between dark matter and the Standard Model. In such theories,
dark matter sources an axion field extending over the entire galaxy, the gradient of which can be searched
for with precise spin precession experiments. A reinterpretation of existing co-magnetometer data already
constrains theories that are consistent with astrophysical bounds, and near-future experiments will begin
probing well-motivated models. The required interactions can arise from a confining hidden sector without
necessitating fine-tuning of the axion’s mass.
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I. INTRODUCTION

Despite compelling evidence for its existence, the nature
of dark matter (DM) and its interactions with the Standard
Model (SM) remain unknown. Investigation of the possible
portal interactions between DM and the SM is therefore
worthwhile. In this paper, we propose a new such portal, in
which the DM and the SM are connected via an ultralight
axion that has CP violating couplings to the DM. We argue
that this possibility is theoretically well motivated and can
lead to observable signals in tabletop experiments.
Axions (by which we mean any light pseudoscalars) are

generic in UV completions of the SM involving gauge
fields in extra space-time dimensions, with string theory as
the foremost example [1–3]; see [4] for a recent review. In
field-theoretic realizations, an axion can couple to both the
SM and a dark sector as a result of heavy matter charged
under gauge groups in both sectors, while in string theory,
the couplings of an axion to fermions depend on the
compactification [5].
It is plausible that the interactions of an axion with DM

might be CP violating; the axion itself is not the DM in the
scenario we consider. As a guiding analogy, recall that the

QCD axion has minuscule CP violating interactions with
SM particles only because the minimum of its potential is
extremely close to the point where the strong CP angle
θQCD ¼ 0. That θQCD ≃ 0 is both a quirk of the SM (due to
the weak interactions inducing a nonzero θQCD at high loop
order suppressed by powers of GFΛ2

QCD ≪ 1 [6]) and a
theoretical problem in that contributions to the axion
potential from the UV must be tiny (the quality problem
[7,8]). One can imagine hidden sectors for which similar
conditions are not fulfilled and sizable CP violating
interactions arise.
Meanwhile, we require that the axion does not have an

anomalous coupling to QCD. We further assume that the
SM is decoupled from the dominant sources of CP
violation [9], in which case is a reasonable expectation
that an axion only has CP conserving interactions with
the SM.
We therefore consider an effective Lagrangian

Leff ⊃ gχsϕχ̄χ þ cψ
∂μϕ

fϕ
ψ̄γμγ5ψ −

1

2
m2

ϕϕ
2; ð1Þ

where ϕ is the axion, fϕ is its decay constant (defined such
that the period of the axion field is 2πfϕ), and mϕ is the
axion mass. The field ψ is a generic SM fermion, and cψ is
expected not to be much bigger than Oð1Þ in minimal
theories. Meanwhile, χ is the DM, which we assume to be a
fermion. In typical UV completions involving a confining
hidden sector with strong coupling scale Λ, the axion’s CP
violating interactions have strength gχs ∼ θΛ=fϕ, where
θ∈ ½−π; π�. (This is the form of the QCD axion’s CP
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violating couplings, up to a mild dependence on the masses
of the light quarks [10].)

II. A GALACTIC AXION GRADIENT

As a result of first term in Eq. (1), DM sources an axion
field. We consider axions with masses mϕ ≲ 1=ðpcÞ ≃
10−23 eV such that this induced axion field extends over
galactic scales. The equation of motion of ϕ in the back-
ground of the DM in our galaxy has a time-independent
solution

ϕðr⃗Þ ¼ gχs

Z
V
d3r⃗0

nχðr⃗0Þe−mϕjr⃗−r⃗0j

4πjr⃗ − r⃗0j
; ð2Þ

where r⃗ is relative to the galactic center, and nχðr⃗Þ is the
DM number density, which we assume to be time inde-
pendent and spherically symmetric; corrections to this are
relatively small. In a full cosmological history, one expects
ϕ to not exactly take the form of the time-independent
solution of Eq. (2). Suppose we start from a spatially
homogeneous ϕ field in the early Universe (analogous to
the preinflationary axion scenario), say at ϕ ¼ 0 for
convenience. Then, as the galaxy forms, ϕ’s interaction
with dark matter number density will source a nonzero field
value. The timescale on which this field is induced can be
estimated from the equation of motion and the size of the
linear term to be roughly ðgχxnχ=fϕÞ−1=2. For all the
parameter space that we consider subsequently, this time-
scale is much shorter than the present-day Hubble time and
the galactic formation time, so a nonzero ϕ field will always
be induced, which we assume reaches the time-independent
solution of Eq. (2) before the present day. We stress
however that there could be fluctuations on top of the
time-independent solution.1 Because we will consider
searches for ϕ gradients, any additional such fluctuations
would only strengthen the signals that we consider. A
detailed study of the full dynamics in the early Universe
would be valuable; however, it would likely require
detailed numerical simulations that go beyond the scope
of our present work.
The expression in Eq. (2) simplifies in two limits: First, if

the Compton wavelength of the axion, 1=mϕ, is shorter than
length scale over which the DM density varies,
λχ ≡ nχ=j∇nχ j, the axion field at any point can be approxi-
mated as that sourced from the surrounding 1=m3

ϕ volume,
which contains Neff ≡ nχ=m3

ϕ DM particles [11]. As a
result,

ϕðrÞ ≃ gχsNeff

λϕ
≃
gχsnχðrÞ
m2

ϕ

: ð3Þ

Second, if the axion’s Compton wavelength is comparable
to the scale of the galaxy or larger, the axion field is well
approximated by the standard Coulombic potential.
At the Earth’s distance from the galactic center, R, we

therefore have an axion field gradient of

j∇ϕðRÞj ≃
(
gχs j∇nχðRÞj=m2

ϕ if 1=mϕ < λχ ;

gχsNχðRÞ=R2 if 1=mϕ > λχ ;
ð4Þ

where NχðRÞ ¼ 4π
R
R
0 nχðrÞr2dr is the total number of DM

particles within the Earth’s galactic orbit.
Such an axion gradient affects the SM particles through

the second term in Eq. (1). In the limit that the SM particles
are nonrelativistic as is the case in most detectors,
the corresponding interaction in the Hamiltonian is (see,
e.g., [12,13] for recent reviews)

Hϕ ¼ −
cψ
fϕ

∇ϕ · S; ð5Þ

where S is the spin operator of the SM particle.
Consequently, an axion gradient leads to a spin-dependent
energy shift ΔE in SM states, analogous to the Zeeman
effect. Using Eq. (4), for a particle with spin aligned with
the axion field gradient,

ΔE ≃
� cψg

χ
s jSjj∇nχðRÞj=ðfϕm2

ϕÞ if 1=mϕ < λχ ;

cψg
χ
s jSjNχðRÞ=ðfϕR2Þ if 1=mϕ > λχ :

ð6Þ

In other words, there is a monopole-dipole axion force [10]
with the monopole side from the coupling to DM.
Equation (6) can easily be evaluated assuming, e.g., an

NFW DM profile [14]. Fixing the local DM energy density
ρ0 ≃ 0.4 GeV=cm3 and the scale radius to 17.6 kpc gives

ΔE ≃ 3 × 10−24 eVκ

�
1=ðλχmϕÞ2 if mϕ > 1=λχ ;

1 if mϕ < 1=λχ ;
ð7Þ

with 1=λχ ≃ 4 × 10−28 eV and

κ ¼ jSj
�

gχs
mχ=MP

��
109 GeV
fϕ=cψ

�
; ð8Þ

where MP is the (nonreduced) Planck mass. Not
surprisingly, the energy shift is largest when mϕ≲
1=λχ ∼ ð10 kpcÞ−1, such that the induced axion field is
sensitive to the DM distribution throughout the entire
galaxy.

1On cosmological scales, these fluctuations would be damped
by Hubble expansion, but the situation is less clear within the
galaxy. Moreover, the distribution of dark matter within the
galaxy is changing, which could induce additional fluctuations.
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III. CONSTRAINTS AND EXPERIMENTAL REACH

There are existing, independent, constraints on the
interactions of an ultralight axion with DM and the SM.
CP violating interactions with DM are bounded because
they lead to long-range self-interactions that affect the
DM’s dynamics [15–18]. Parametrizing such forces as

VðrÞ ¼ −
αGNm2

χ

r
exp ð−r=lÞ; ð9Þ

the constraints are on α as a function of l, independent of
mχ . In our theories, l ¼ 1=mϕ and gχs ¼ ffiffiffi

α
p

mχ=MP, so the
combination gχs=mχ is bounded. For axion masses of order
10−30 eV, corresponding to supergalactic lengths, these
forces must be weaker than gravity, i.e., gχs=mχ ≲ 1=MP.
For larger axion masses, mϕ ≳ 1=kpc, the dominant con-
straints are from observations of the bullet cluster and
values of gχs=mχ that are a few order of magnitude larger
than 1=MP are allowed [18]. Meanwhile, the strongest
constraints on CP preserving couplings of light axions to
SM fermions come from the evolution of stars; the limits on
couplings to electrons, ce=fϕ, and nucleons, cN=fϕ, are
both of order 10−9 GeV−1 [19,20]; see [21] for a recent
review. We also note that CP violating couplings of the
axion to the visible sector [not included in Eq. (1)] must be
such that SM monopole-monopole forces are at least a
factor of 1010 weaker than gravity [22].
Remarkably, existing experiments sensitive to spin-

dependent energy shifts from a galactic axion gradient
explore parts of parameter space that are not excluded by
the preceding constraints. Unlike measurements of, e.g., the
muon magnetic dipole moment, the energy shift due to an
axion gradient cannot be boosted, so what matters is the
absolute sensitivity2 of an experiment, which makes
extremely precise tabletop approaches well suited.
Crucially, because the axion gradient couples only to spin,
the relative energy shift ΔEðaÞ=ΔEðbÞ of two different
atomic or molecular states ((a), (b)) can differ from that
due to a magnetic field. This is exploited by so-called co-
magnetometers, which use two or more types of fermionic
spins to distinguish new-physics energy shifts from uncon-
trolled magnetic field backgrounds (the precise conditions
for general atomic and molecular states are given in [23]).
Co-magnetometry has been used in the past to search for
electric dipole moments, axion forces, and more exotic
signals; see [24,25] for reviews.
The radial orientation of the axion gradient relative to the

galactic center offers additional experimental opportunities.
For a fixed experiment, it makes the induced energy shift a
pseudo-DC signal with daily modulation due to the Earth’s

rotation. This feature of the signal is different to an axion
gradient generated by the Earth [10,26,27]; see [23,28–30]
for recent discussions and [31–33] for related studies of
forces from test masses. Moreover, by rotating an experi-
ment, additional modulation can be induced. In case of a
signal, the sharp prediction of the orientation of the axion
gradient would allow discrimination from possible
neglected backgrounds or other new physics sources.
Out of the current experiments, those of Refs. [34,35] are

among the most sensitive to a galactic axion gradient. The
proposal in [36] may also be easily adapted to perform
these measurements. These use co-magnetometers based
on K-3He and 21Ne-Rb-K to reach frequency resolutions at
the level of 0.7 nHz and 0.5 nHz, respectively, correspond-
ing to energies of order 10−24 eV. Such experiments have
been used to search for Lorentz violation of extra-solar
origin (e.g., as in the Kostelecky SM extension [37]),
making use of a rotating platform to help remove back-
grounds and systematics. The resulting limits can immedi-
ately be reinterpreted as constraints on our theories.
Moreover, experiments based on 21Ne-Rb-K [35] (see
also [36]) are particularly promising for future improve-
ments, having obtained a sensitivity similar to the K-3He
experiment with a factor of 8 less integration time. Indeed,
in Ref. [34], it is mentioned that with future upgrades,
resolution at the level of 10−3 nHz might be achieved.
There are also several other experiments and proposals with
sensitivities to energy shifts at the level ofOðnHzÞ [38–40].
The resulting limits can immediately be reinterpreted as
constraints on our theories. Moreover, experiments based
on 21Ne-Rb-K [35] (see also [36]) are particularly prom-
ising for future improvements, having obtained a sensitivity
similar to the K-3He experiment with a factor of 8 less
integration time. Indeed, in Ref. [34], it is mentioned that
with future upgrades, resolution at the level of 10−3 nHz
might be achieved. There are also several other experiments
and proposals with sensitivities to energy shifts at the level
of OðnHzÞ [38–40].

IV. UNDERLYING THEORIES

So far, we have taken Eq. (1) at face value, but this can
miss important effects that arise in a complete theory. In
particular, such a Lagrangian is expected to appear as the
first terms in an expansion in an axion field ϕ ≪ fϕ, and
higher order terms will be relevant if values ϕ ≃ fϕ are
induced in the galaxy. At this point, given that axions have
a compact field range, the interaction gχsϕχχ should be
replaced by hðϕ=fϕÞχ̄χ where h is a function with period
2π (similarly, the axion mass will be replaced by a periodic
potential). We do not consider higher order derivative
interactions since they are generally shift symmetric and
will not source an axion gradient.
It can immediately be seen that the compactness of the

axion field is going to be borderline relevant for values of gχs

2By absolute sensitivity, we mean that the reach for axion
gradients does only depend on the smallest energy shift, which
can be measured at a given experiment.
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that lead to detectable energy shifts. Regardless of the axion
mass, the maximum galactic axion field gradient possible
without the compactness of the axion field being an issue is
j∇ϕj ≲ fϕ=R such that

ΔE≲ cψ
fϕ

fϕ
R

≃ cψ10−27 eV: ð10Þ

For cψ ∼Oð1Þ, this is a couple of orders of magnitude
below current sensitivities and might be achievable in the
future. Assuming mϕ ≲ 1=λχ for simplicity, using Eq. (2),
in the Milky Way, ϕ ∼ fϕ is reached for

gχs ¼ 10−26
�

mχ

MeV

��
fϕ

109 GeV

�
; ð11Þ

which is consistent with DM-DM self-interaction con-
straints, that is gχs=mχ < 1=MP, independently of the
DM mass for fϕ ≥ 105 GeV. With the parametrization
gχs ¼ θΛ=fϕ, Eq. (11) corresponds to

θ ¼ 10−4
�
10−4 eV

Λ

��
mχ

MeV

��
fϕ

109 GeV

�
2

; ð12Þ

i.e., only a small CP violating angle in the hidden sector if
mχ is not too large. We explain the choice of normalisation
of Λ shortly.
In the case of larger gχs, so additional operators are

relevant, the induced axion field typically saturates at
values of order fϕ rather than continuing to grow. Fields
ϕ ≫ fϕ are not forbidden by the axion field range’s
compact nature; this would simply correspond to the axion
winding its fundamental domain. Instead, saturation occurs
because ϕ reaches a value such that ∂ϕhðϕ=fϕÞ ¼ 0 at
which point the coupling that sources a ϕ field turns off,
effectively self-screening the DM. For instance, a typical
form of the full axion potential might be (further details are
given in Appendix A)

V ⊃ −Λ4 cos ðϕ=fϕÞ þ χ̄χΛ cosðϕ=fϕ þ θÞ: ð13Þ

Expanded at small ϕ=fϕ, the second term leads to a CP
violating coupling sinðθÞ Λ

fϕ
ϕχ̄χ. As ϕ=fϕ ≃ π − θ is

approached in the galaxy, a nonzero χ̄χ background
contributes less and less to the equation of motion of ϕ.
Eventually, the induced galactic axion field saturates once
ϕ=fϕ ≃ π − θ is reached. We also note that, if θ ≪ 1, as the
background ϕ=fϕ increases, the effective coupling of ϕ to χ
is first enhanced, reaching a maximum strength at
ϕ=fϕ ≃ π=2 − θ, before being screened.
We therefore identify ΔE≲ 10−27 eV, arising from

minimal theories, as a well-motivated target for future
experiments. However, we also note there are various ways
that larger ΔE can arise from consistent UV theories. Most

simply, values cψ ∼ 100 are possible in normal models.
Meanwhile, more unusual UV completions such as clock-
work theories [41–43] can lead to effective values of cψ that
are exponentially large. Finally, if the axion potential has a
monodromy [44–46], the induced axion field might not
saturate at values of order fϕ.
Another question that depends on the particular theory

underlying Eq. (1) is whether an extremely small axion
mass, mϕ ∼ 10−27 eV, is possible without fine-tuning. If gχs
indeed arises from a hidden sector gauge group running
into strong coupling at scale Λ, a typical expectation is
mϕ ∼ Λ2=fϕ (a smaller mϕ is possible if there are light
hidden sector chiral fermions). To obtain mϕ ∼ 10−26 eV
for fϕ ∼ 109 GeV then requires Λ≲ 10−4 eV.
Small values of Λ are not necessarily problematic,

although in the early Universe, the hidden sector must
be colder than the SM to avoid bounds on new relativistic
degrees of freedom [47]. However, observations require
that fermionic DMmust have a mass much larger than such
Λ [48,49]. This is also needed so that the galactic DM
number density is smaller than Λ3, and the hidden sector is
not locally deconfined. Moreover, mχ > Λ guarantees that
the DM mass induced by a background ϕ≲ fϕ is smaller
than the bare DM mass, both for gs ¼ θΛ=fϕ (with θ ≲ 1)
and the example completion in Eq. (13).
Whether a DM candidate with a mass larger than Λ gets

substantial CP violating interactions with the axion is
model dependent. In Appendix B, we describe an example
theory in which DM is a particle in the adjoint of a hidden
sector gauge group that forms bound states with dark
gluons, as studied in Refs. [50–53]. Provided the mass of
the adjoint field is greater than roughly a keV such a state
can be a viable DM candidate, with the required CP
violating interactions arising from the gluon part of the
bound state.

V. RESULTS

In Fig. 1, we show the parameter space of theories with
a galactic axion gradient in the plane of ðcψgχsÞ=ðfϕmχÞ
against mϕ. In this, we plot the existing constraints from
astrophysics by saturating the allowed values of cϕ=fϕ
and gχs=mχ separately; any point in parameter space
outside this region (labeled as “astrophysics” in Fig. 1)
corresponds to a theory that is consistent with existing
constraints. Meanwhile, as can be seen from Eqs. (7)
and (8), the induced spin-dependent energy shift of SM
fields depends on the couplings via the combination
plotted. We show our new limit, obtained by reinterpreting
the results of Ref. [34], and also the reach of possible
future experiments with plausible improvements in
sensitivity to ΔE. These curves are obtained from the
analytic results in Eq. (7); in reality, the transition around
mϕ ≃ 1=λχ will be smooth.
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We also indicate in the same figure the part of parameter
space for which the galactic axion field induced by Eq. (1)
is self-consistently such that the compactness of the axion
field can be neglected. In particular, we fix gχs=mχ such that
the ϕ ¼ fϕ at the galactic center [assuming the underlying
theory is such that a ϕ background does not self-enhance
the ϕ–χ coupling, as is, e.g., the case for θ ≃ 1 in Eq. (13)].
Given that the induced ϕ is proportional to gχs=mχ , the
maximum allowed gχs=mχ is proportional to fϕ, such that
the combination gχscψ=ðfϕmχÞ is independent of fϕ but
depends onmϕ and cψ . The value of cψ is model dependent
and the maximum typical value not sharply determined, so
we blur the edge of this region over the range correspond-
ing to 1 < cψ < 100. We stress that values of gχs that do not
saturate ϕ ≃ fϕ (and smaller cψ ) are equally plausible and
lead to theories within the blue “expected in minimal
models” region.
For mϕ ≲ 10−24 eV, existing and future experiments can

probe sizable parts of parameter space of the effective
Lagrangian in Eq. (1) that are not otherwise excluded. As
expected, for fixed ðcψgχsÞ=ðfϕmχÞ, the signal is weaker at
larger axion masses, but the observational constraints also
weaken. Although beyond current experimental sensitivity,
future experiments will begin to explore the parameter
space for which the galactic axion field is smaller than fϕ
and the effective Lagrangian equation (1) is valid even for

the simplest underlying theories. We also reiterate that
more exotic theories (with effective cψ ≫ 1) can lie in the
part of parameter space above this that is already experi-
mentally tested. Finally, we note that for all mϕ and fϕ
considered, the DM relic abundance of ϕ itself is indeed
negligible assuming misalignment production.

VI. DISCUSSION

The theories we have studied have an elegant UV
interpretation: It is plausible that a typical string theory
compactification leads to multiple light axions and several
dark sectors. Some of the axions might have CP violating
couplings to the dark sectors. One of these dark sectors
could host the DM and would communicate with the visible
sector through a long-range axion force in the form of a
galactic axion gradient. Ultraprecise tabletop experiments
already have impressive sensitivity to this scenario and
orders-of-magnitude improvement is possible in the future.
Such experimental searches are “looking under a lamp-
post,” in that a theory need not be in the upper part of the
“minimal theories” parameter space shaded in Fig. 1 that
can be explored in the near future. Nevertheless, given that
such technologies are being developed for independent
purposes, it is valuable to know that experimental results
can be reinterpreted as a search for DM. Moreover, the
prediction that the energy shift is maximized when the SM
particle’s spin is aligned with the galactic center (typically
not expected for other new-physics signals) might allow for
simple experimental adaptions to increase sensitivity, e.g.,
by reorientating existing apparatus.
Although the DM CP violating/SM CP preserving axion

portal that we have considered is novel, we note that related
ideas have been analyzed in the past. Experiments search-
ing for monopole-dipole forces where both parts of the
interaction correspond to SM fermions have been per-
formed [32,54], and there are promising prospects for the
near future [23,29,33,38–40,55].
We have given an example, simple, UV completion in

which the DM is a bound state of a dark fermion and a dark
gluon. However, there are likely to be other models that also
reduce to Eq. (1) at low energies, and it would be interesting
to explore whether these can lead to new phenomenology or
signals. For example, there might be suitable theories in
which the DM is a weakly coupled bound state of the type
χ ¼ QQ (whereQ is a heavy hidden sector quark) similar to
bottomonium in QCD. There might also be UV completions
in which the induced axion field is not screened if ϕ ∼ fϕ is
reached in the galaxy. A more detailed study of the
cosmology of these scenarios, including mechanisms to
get the correct relic abundance as well as studying their
effect in other cosmological and astrophysical observables,
lies beyond the scope of this work but would be an valuable
direction for future study.
We have focused on the time-independent solution for

the sourced ϕ field, Eq. (2), which we expect to be,

FIG. 1. Existing constraints from DM self-interactions (labeled
“astrophysics”) and our new limit (labeled “Limit K-3He”;
obtained by reinterpreting the results of Ref. [34]) on theories
that lead to a galactic axion gradient. Results are shown as a
function of the parameters in the effective Lagrangian in Eq. (1).
We also plot the reach of plausible future experiments with
sensitivity to spin-dependent energy shifts of ΔE ¼
4 × 10−26 eV and 4 × 10−27 eV. Finally, we indicate the region
of parameter space in which Eq. (1) is self-consistent in minimal
UV completions (labeled “expected in minimal models”).
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approximately, reached in the Milky Way after a full
cosmological history. However, it would be interesting if
ϕ was not fully relaxed to this form yet, e.g., due to
oscillations left over from galactic formation, or had time
dependence, e.g., due to the dynamics of DM substructure
within the galaxy. As mentioned, such effects could lead to
stronger signals, and it would be interesting to investigate
them in the future. More generally, we have conservatively
applied constraints on long range DM-DM forces ignoring
the periodicity of the axion potential, and it would
be interesting to reanalyze these. Additionally, as men-
tioned in Ref. [18], it would be interesting to investigate
the cosmological effects of kpc range DM-DM self-
interactions studied in this paper, similarly to the analysis
carried out in Refs. [17,56–58] for forces with longer range.
These might lead to stronger constraints than the existing
constraints we have made use of as well as possible
complementary signals. This interesting direction is left
for future work.
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APPENDIX A: COMPACTNESS OF THE AXION
FIELD

As described in the main text, the fact that the axion
couplings are periodic means that the DM is automatically
screened, and the induced galactic axion field saturates once
values ϕ ∼ fϕ are reached (rather than winding the funda-
mental domain and growing indefinitely). To see this explic-
itly, we consider an axion potential motivated by that of the
QCD axion, including its CP violating couplings to quarks.
Suppose that the axion potential is generated by a hidden

sector gauge group running into strong coupling in the IR.
In the UV, we assume the axion is coupled to the dark
gluons as

αD
fϕ

ϕGDG̃D: ðA1Þ

Under quite general conditions, the minimum of the
contribution to the potential resulting from strong coupling

is CP conserving [59]. In the absence of light chiral
fermions in the hidden sector (which could lead to a chiral
suppression of the axion mass, analogous to the QCD axion
mass’ dependence on the light quark masses), the resulting
axion mass is of order mϕ ∼ Λ2=fϕ.
Let us moreover assume that there is an additional CP

violating contribution to the axion’s potential, associated
with a scale Λ0, that shifts the minimum slightly.
Temporarily changing conventions such that ϕ ¼ 0 is the
CP conserving point, the resulting axion potential (con-
sidering a simple analytic functional form; more compli-
cated potentials lead to the same effects) is [10,60]

V ¼ −Λ4 cos

�
ϕ

fϕ

�
− Λ04 cos

�
ϕ

fϕ
þ δ

�
: ðA2Þ

Analogous to the QCD axion, if the DM is charged under
the dark gauge group, we expect a CP violating coupling of
the axion to dark matter of the form

V ⊃ Λχ̄χ cos
�
ϕ

fϕ

�
: ðA3Þ

In more detail, a coupling of simply Λ in Eq. (A3) is
expected for DM with a mass of order Λ and for the quark-
gluon bound state described in the main text. For a QQ
bound state with mass larger than Λ, the coupling is
expected to take a more complicated form. If there is a
chiral suppression of the axion mass, the strength of the
interaction in Eq. (A3) is typically also suppressed (an
analogous dependence on mumd appears in the QCD
axion’s CP violating interactions).
Redefining ϕ ↦ ϕ − fϕθ with θ such that [with

hχ̄χi ¼ 0] the minimum of the potential is at ϕ ¼ 0, the
matter part of the potential takes the form

V ⊃ Λχ̄χ cosðϕ=fϕ þ θÞ: ðA4Þ

Expanded at small ϕ=fϕ this leads to the required CP
violating coupling:

L ⊃ sinðθÞΛ=fϕϕχ̄χ: ðA5Þ

From Eq. (A4), it can be seen that as ϕ=fϕ ≃ π − θ is
approached, a nonzero χ̄χ background contributes less and
less to the equation of motion of ϕ due to the nonlinearities
in cosðϕ=fϕ þ θÞ. Numerical, time-independent, solutions
of ϕ’s equation of motion in the background of a static
galactic DM distribution (with boundary condition ϕ ¼ 0 at
spatial infinity) indeed shown that for Λ=fϕ sufficiently
large that ϕ ∼ fϕ is reached, the axion field indeed
saturates.
This is consistent with the results in [61] (see also

[62,63]), where it is shown that for a light QCD axion—that
is, an axion coupled to QCD with a potential that is

EDWARD HARDY, MARIO REIG, and JURI SMIRNOV PHYS. REV. D 111, 015006 (2025)

015006-6



suppressed with respect to the standard prediction—the
finite density effects inside neutron stars can make the
axion field to sit near a=fa ¼ π. In this case, the shift in
axion field value is only due to the finite density potential,
which has a relative π phase with respect to the vacuum
potential and is much more relevant than the CPV con-
tributions for the QCD axion.

APPENDIX B: THE AXION MASS AND A
MODEL OF DARK MATTER

Given the extremely light axions that we have considered,
it is interesting to see that this can be achieved without
fine-tuning, although of course, one can simply disregard
fine-tuning arguments, which opens up a wide range of
possible DM models. Assuming, as before, that the axion
potential is dominantly generated by a hidden sector running
into strong coupling, this requires Λ≲ 10−3 eV assuming
fϕ ∼ 109 GeV. It also requires that there are no large
contributions to the axion’s potential from the high energy
scale; this is a UV-dependent issue analogous to the QCD
axion quality problem, which we do not consider further.
Insisting on such small values of Λ restricts the range of

phenomenologically viable DM candidates that can
also have sizable CP violating interactions with the axion.
In particular, for fermionic DM, the Tremaine-Gunn
bound [64] requires mχ ≳ keV ≫ Λ. Additionally, to avoid
the hidden sector gauge group being in the deconfined
phase in the galaxy requires the typical inter-DM spacing
n−1=3χ ≫ Λ−1. Given that the DM energy density in the
galaxy is of order 10−6 eV4 ≫ Λ4, this again requires a DM
mass much larger than Λ.
DM candidates with a mass much larger Λmight naively

be expected to have CP violating axion couplings that are
strongly suppressed and therefore, do not lead to a large
enough galactic axion gradient to obtain a detectable signal,
but this is not necessarily the case. As an example, suppose
that the hidden sector contains a dark fermion with a mass
much larger than the dark confinement scale, mQ ≫ Λ, in

the adjoint representation, Q ∼ Adj. Then the DM χ can
consist of bound states of the fermion,Q, and a dark gluon,
g. This kind of dark matter candidate has been proposed in
Refs. [50–53]; see also [65] for a related discussion of a
similar DM candidate charged under the SM SUð3Þ.
The mass of such DM bound states, χ ∼Qg, is domi-

nated by the constituent quark mχ ¼ mQ, while its size is
set by the confinement scale, r ∼ Λ−1 ≫ m−1

Q . This implies
that despite ρDM ≫ Λ4, the typical occupancy number is
low and, for sufficiently largemχ , we will be in the confined
phase of the theory provided mχ ≫ keV for Λ ¼ 10−3 eV.
CP violating interactions between the DM and the axion
are dominantly induced by the mixing between the axion
and the lightest CP-even glueball. First, note that the
mixing angle between the axion and the lightest CP-odd
glueball can be estimated in analogy with the axion-pion
mixing and is of order Λ=fϕ. Then, in the presence of a
nonzero θ, the CP-odd and CP-even glueballs will mix,
which leads to an effective CPV coupling of the axion to
the DM bound state of order gχs ∼ θΛ=fϕ, which is the
parametric form assumed in the main text.
Finally, we note that even assuming thermal production,

the calculation of the relic abundance in this scenario is
complicated, involving many different regimes and effects
as well as nonperturbative dynamics [53]. Moreover, it is
possible that the relic abundance is set by an initial DM
asymmetry. Consequently, for our present work, we do not
attempt to analyze the full cosmological history or specify a
complete theory that gives the correct DM relic abundance
consistent with all observational constraints. We do how-
ever note that for small Λ, it is likely to be required that the
dark sector is colder than the visible sector in the early
universe. This is needed both to satisfy observational
constraints on additional relativistic degrees of freedom,
and such that the dark sector is in a confined phase when
the cosmic microwave background forms so that the dark
matter does not have strong, long-range, self-interactions at
these times.

[1] Peter Svrcek and Edward Witten, Axions in string theory, J.
High Energy Phys. 06 (2006) 051.

[2] Asimina Arvanitaki, Savas Dimopoulos, Sergei Dubovsky,
Nemanja Kaloper, and John March-Russell, String axiverse,
Phys. Rev. D 81, 123530 (2010).

[3] Joseph P. Conlon, The QCD axion and moduli stabilisation,
J. High Energy Phys. 05 (2006) 078.

[4] Matthew Reece, Extra-dimensional axion expectations,
arXiv:2406.08543.

[5] Michele Cicoli, Mark Goodsell, and Andreas Ringwald, The
type IIB string axiverse and its low-energy phenomenology,
J. High Energy Phys. 10 (2012) 146.

[6] Howard Georgi and Lisa Randall, Flavor conserving CP
violation in invisible axion models, Nucl. Phys. B276, 241
(1986).

[7] Howard M. Georgi, Lawrence J. Hall, and Mark B. Wise,
Grand unified models with an automatic Peccei-Quinn
symmetry, Nucl. Phys. B192, 409 (1981).

SEARCHING FOR A DARK MATTER INDUCED GALACTIC … PHYS. REV. D 111, 015006 (2025)

015006-7

https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1088/1126-6708/2006/05/078
https://arXiv.org/abs/2406.08543
https://doi.org/10.1007/JHEP10(2012)146
https://doi.org/10.1016/0550-3213(86)90022-2
https://doi.org/10.1016/0550-3213(86)90022-2
https://doi.org/10.1016/0550-3213(81)90433-8


[8] Marc Kamionkowski and John March-Russell, Planck scale
physics and the Peccei-Quinn mechanism, Phys. Lett. B
282, 137 (1992).

[9] Luca Di Luzio, Ramona Gröber, and Paride Paradisi,
Hunting for CP-violating axionlike particle interactions,
Phys. Rev. D 104, 095027 (2021).

[10] J. E. Moody and Frank Wilczek, New macroscopic forces?,
Phys. Rev. D 30, 130 (1984).

[11] Javier F. Acevedo, Rebecca K. Leane, and Juri Smirnov,
Evaporation barrier for dark matter in celestial bodies,
J. Cosmol. Astropart. Phys. 04 (2024) 038.

[12] Peter W. Graham, David E. Kaplan, Jeremy Mardon, Surjeet
Rajendran, William A. Terrano, Lutz Trahms, and Thomas
Wilkason, Spin precession experiments for light axionic
dark matter, Phys. Rev. D 97, 055006 (2018).

[13] Rodrigo Alonso, Diego Blas, and Peter Wolf, Exploring the
ultralight to sub-MeV dark matter window with atomic
clocks and co-magnetometers, J. High Energy Phys. 07
(2019) 069.

[14] Julio F. Navarro, Carlos S. Frenk, and Simon D.M. White,
The structure of cold dark matter halos, Astrophys. J. 462,
563 (1996).

[15] Michael Kesden and Marc Kamionkowski, Galilean equiv-
alence for galactic dark matter, Phys. Rev. Lett. 97, 131303
(2006).

[16] Harry Desmond, Pedro G. Ferreira, Guilhem Lavaux, and
Jens Jasche, The fifth force in the local cosmic web, Mon.
Not. R. Astron. Soc. 483, L64 (2019).

[17] Salvatore Bottaro, Emanuele Castorina, Marco Costa, Diego
Redigolo, and Ennio Salvioni, Unveiling dark forces with
the large scale structure of the universe, Phys. Rev. Lett.
132, 201002 (2024).

[18] Zachary Bogorad, Peter W. Graham, and Harikrishnan
Ramani, Coherent self-interactions of dark matter in the
bullet cluster, arXiv:2311.07648.

[19] Francesco Capozzi and Georg Raffelt, Axion and neutrino
bounds improved with new calibrations of the tip of the red-
giant branch using geometric distance determinations, Phys.
Rev. D 102, 083007 (2020).

[20] Malte Buschmann, Christopher Dessert, Joshua W. Foster,
Andrew J. Long, and Benjamin R. Safdi, Upper limit on the
QCD axion mass from isolated neutron star cooling, Phys.
Rev. Lett. 128, 091102 (2022).

[21] Andrea Caputo and Georg Raffelt, Astrophysical axion
bounds: The 2024 edition, Proc. Sci. COSMICWISPers
(2024) 041 [arXiv:2401.13728].
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