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We introduce a novel class of bosonic dark matter candidates that we dub wallions, featuring boundaries
in field space. The wallion mass is exponentially suppressed when the separation between boundaries far
exceeds their intrinsic width and remains radiatively stable under self-interactions. We study the early
universe evolution of wallions and the associated cosmological signatures. Finally, we show that instanton
effects can dynamically generate field-space boundaries and discuss possible experimental probes once the
wallion couples to standard model fields.
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Introduction—The observational evidence for dark mat-
ter (DM) [1–7] leaves no doubt about the need for physics
beyond the standard model (SM). Decades after its first
indications, the breadth of empirical evidence is matched
only by the diversity of theoretical proposals aiming to
explain its microscopic particle nature.
Searches for DM have predominantly targeted weakly

interacting massive particles (WIMPs), motivated by their
connection to the hierarchy problem [8–10] and by the fact
that their relic abundance naturally emerges from thermal
freeze-out [11–15]. The persistent absence of WIMP
signals in recent years has placed this framework under
pressure [16–18]. Meanwhile, an extensive experimental
effort [19–30], together with theoretical advances [31–35],
has reignited interest in ultralight and extremely weakly
coupled bosonic candidates. The QCD axion [36–40],
introduced to solve the strong CP problem via the
Peccei-Quinn mechanism [41,42], is a particularly moti-
vated example. WIMPs and axions, two leading DM
paradigms with deep connections to open questions in
particle physics, delineate two distinct mass regimes:
particle DM, with masses above the eV scale, and wave
DM, associated with lighter candidates whose de Broglie
wavelengths are macroscopic.
Ultralight wave DM has emerged as a particularly

compelling candidate [43–45]. It leaves distinctive imprints

in cosmological observables, notably the suppression of
small-scale structure [31,46,47], and has motivated a new
generation of precision laboratory experiments probing its
subtle effects [48–53]. On astrophysical scales, ultralight
DM can induce striking phenomena such as black hole
superradiance [54–58], offering additional avenues to
constrain its properties. Theoretical consistency, however,
requires an explanation for the origin of such tiny masses
and their stability against quantum corrections. The QCD
axion provides an instructive example: its mass arises
dynamically after confinement, while its smallness is
protected by its Nambu-Goldstone nature.
In this Letter, we introduce a novel candidate in the

landscape of ultralight DM, the wallion, whose mass is
naturally protected by limits of its field space. Unlike
axions, which live on a compact manifold with periodic
boundary conditions, the wallion ϕ roams freely up to a
hard boundary. Such frameworks have recently attracted
attention in high-energy physics [59–61], where field space
itself becomes dynamical. Reference [59] studied scalar
effective field theories (EFTs) in which the potential rises
sharply as the field approaches a limiting value jϕj ≃ ϕ̄.
The parameter ϕ̄ therefore marks a field-space boundary:
field excursions with jϕj≳ ϕ̄ become energetically costly,
effectively confining dynamics to the interior region
jϕj < ϕ̄. Remarkably, it was shown that this structure is
preserved under quantum corrections. In the second half of
this Letter, we discuss how scalar potentials of this kind can
arise from instanton dynamics.
What makes these scenarios interesting in the context of

wave DM? Let us first consider the most extreme, albeit
unrealistic, case of a potential with a wall:

VwallðϕÞ ¼
�
0; jϕj < ϕ̄

∞; jϕj ≥ ϕ̄
: ð1Þ
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Within the well the potential is flat and the field massless,
m2

ϕ ¼ 0. Since realistic potentials are continuous, the wall
potential must be regularized. Reference [59] provides an
example with a potential of the form

VBðϕÞ ¼ Λ4 exp

�
ϕ2 − ϕ̄2

Λ2

�
þ V0: ð2Þ

The parameter Λ, which has mass dimension 1, can be
interpreted as the wall thickness. The field-space boundary
ϕ̄ is identified with the field value at which the scalar
potential, excluding the constant contribution V0, reaches
the EFT scale, VBðϕ̄Þ − V0 ¼ Λ4 [62]. The scalar mass is
then

m2
ϕ ¼ 2Λ2 exp

�
−
ϕ̄2

Λ2

�
; ð3Þ

which is exponentially suppressed if the well size exceeds
the wall thickness, ϕ̄ ≫ Λ. For very thin walls, Λ=ϕ̄ → 0,
we recover Eq. (1) with a massless field. We set V0 ¼
−m2

ϕΛ2=2 to ensure VBð0Þ ¼ 0. The potential in Eq. (2) is
radiatively stable, yields exponentially small masses, and
supports matterlike oscillations at late times. These features
make ϕ an ideal ultralight DM candidate.
Misalignment production—The wallion equation of

motion in the Friedmann-Lemaître-Robertson-Walker
(FLRW) background governs its evolution. Initially dis-
placed from the minimum of its potential, the field remains
frozen due to Hubble friction until the restoring force
becomes comparable to the Hubble damping and triggers
its motion. Near the potential minimum, the oscillations can
be approximated as harmonic. This constitutes the mis-
alignment mechanism for DM production.
The homogeneous mode satisfies ϕ̈þ 3Hϕ̇þ V 0ðϕÞ ¼ 0,

where H is the Hubble parameter. Overdots and primes
denote FLRW time and field derivatives, respectively. We
denote by ϕi the field value at time ti, when the field is still
held by Hubble friction. In a radiation-dominated universe
with temperature T, H ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆π2=90

p
T2=MPl, where g⋆ and

MPl are the effective number of degrees of freedom and the
reduced Planck mass. The temperature T⋆ at which the field
begins to evolve is set by H ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 0ðϕÞ=ϕp

, yield-
ing T⋆ ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mϕMPl

p
exp ðϕ2

i =4Λ2Þ.
We define the dimensionless field ϕ̃≡ ϕ=Λ and temper-

ature y≡ ffiffiffiffiffiffiffiffiffiffiffiffiffi
H=mϕ

p
. For ϕi ≲ Λ, the field begins to move

when y ≃ 1. The equation of motion then reads [63],

d2ϕ̃
dy2

¼ −
1

y6
1

Λ2m2
ϕ

∂V

∂ϕ̃
: ð4Þ

For scalar potentials of the form VðϕÞ ¼ m2
ϕΛ2vðϕ̃Þ, such

as those of the wallion or axion, Eq. (4) is independent of

mϕ and Λ. Consequently, the solution ϕ̃ðyÞ depends only
on the initial condition ϕ̃ðy ≫ 1Þ ¼ ϕi=Λ. For the har-
monic case, VHOðϕÞ ¼ m2

ϕϕ
2=2, the adiabatic invariant

IHO ≡ ϕ2=T3 remains conserved during the oscillatory
phase [64], which begins at THO ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mϕMPl

p
. Applying

the virial theorem, the resulting relic abundance scales as
ΩHO

ϕ ∝ ffiffiffiffiffiffiffimϕ
p

ϕ2
i . For a potential of the form VðϕÞ ¼

m2
ϕΛ2vðϕ̃Þ and assuming that the solution of Eq. (4)

reaches the harmonic regime V ≃ VHO at y ≪ 1, we can
express the relic abundance of ϕ as

Ωϕh2 ¼
�

g�
100

�
−1=4

�
mϕ

eV

�
1=2

�
Λ

1012 GeV

�
2

f

�
ϕi

Λ

�
: ð5Þ

The function f can be obtained from the solution ϕ̃ðyÞ of
Eq. (4) with initial condition ϕ̃ðy ≫ 1Þ ¼ ϕi=Λ, by com-
paring Eq. (5) with Ωϕ ¼ ρϕ=ρcrit ¼ ðϕ̇2 þm2

ϕϕ
2Þ=ð2ρcritÞ

evaluated at T ¼ T0, and it explicitly reads fðϕi=ΛÞ≈
0.16ðy6ϕ̃0ðyÞ2 þ ϕ̃ðyÞ2Þ=y3jy≪1. As long as f is evaluated
in the harmonic regime y ≪ 1 [65], its value is independent
of y and determined solely by the initial ϕi. A viable
wallion scenario must reproduce the observed DM relic
abundance, ΩDMh2 ¼ 0.1200� 0.0012 [4].
Figure 1 shows numerical results for f for the axion case,

VaxionðϕÞ ¼ m2
ϕΛ2½1 − cosðϕ=ΛÞ�, and for the potential in

Eq. (2). For ϕi ≪ Λ, both are approximately harmonic,
yielding fðϕi=ΛÞ ≃ 0.32ðϕi=ΛÞ2. The axion displays its
typical rise at ϕi ¼ πΛ. The wallion yields a smaller,
eventually constant result for ϕi ≳ Λ, with fðϕi=ΛÞ ≃
0.14 for ϕi ≳ 4Λ [66]. At large amplitudes, the Taylor-
expanded wallion potential is dominated by higher-order
terms ∼ϕ2n, with n increasing with ϕi. In this regime, the
adiabatic invariant I2n ≡ ϕnþ1=T3 is conserved, with result-
ing anharmonic oscillations with ρϕ ∝ T6n=ð1þnÞ [67].

Consequently,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 0ðϕÞ=ϕp

∝ T3ðn−1Þ=ðnþ1Þ redshifts faster

FIG. 1. Numerical evaluation of fðxÞ from Eq. (5) for the axion
(dashed blue) and wallion (solid red) potentials.
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than the Hubble rate for n > 5. As such terms dominate
for ϕ≳ 2.4Λ, the field rolls toward ϕ ≃ 2.4Λ before
oscillating.
On the initial conditions—Cosmic inflation offers a

natural origin for the initial wallion displacement. The
field value at the end of inflation defines the initial
condition ϕi entering Eq. (5). If the wallion potential is
active during the inflationary phase, ϕi can become
independent of the preinflationary value ϕ0, provided
inflation lasts long enough to erase any memory of it.
This requires a number of e-folds Ne such thatffiffiffiffiffiffi
Ne

p ðHI=2πÞ ≫ max
�
ϕ0;min

	
H2

I =mϕ;Λ

�
. In this sto-

chastic scenario, the probability distribution [68,69] of ϕi is
given by

PeqðϕiÞ ∝ exp

�
−
8π2

3H4
I
VðϕiÞ

�
: ð6Þ

The relic density of ϕ then follows from the average

Ωϕh2jstochastic ¼
Z

dϕi PeqðϕiÞ×Ωϕh2ðϕi=ΛÞ; ð7Þ

where the relic density Ωϕh2ðϕi=ΛÞ for a given initial field
value ϕi=Λ is given in Eq. (5).
If equilibration does not occur, the resulting distribution

is Gaussian with standard deviation
ffiffiffiffiffiffi
Ne

p
HI=ð2πÞ and

mean ϕ0. In this locked scenario, where the field retains
memory of its inflationary value, the relic abundance of ϕ
follows Eq. (7) with PeqðϕiÞ replaced by this Gaussian. If
the preinflationary value is large, ϕ0 ≫

ffiffiffiffiffiffi
Ne

p
HI=ð2πÞ, the

relic density can instead be estimated by setting ϕi ¼ ϕ0

in Eq. (5).
To build intuition, we approximate the probability

distribution in Eq. (6) with a window function that remains
constant up to a cutoff in field amplitude. Explicitly,
PeqðϕÞ ∝ Θðϕcut − jϕjÞ, where Θ denotes the Heaviside
step function. The cutoff is set by VðϕcutÞ ¼ 3H4

I =ð8π2Þ,
which for the wallion potential yields

ϕ2
cut

Λ2
¼ ln

�
1þ 3

4π2
H4

I

m2
ϕΛ2

�
: ð8Þ

We identify two opposite scenarios. When HI ≫
ffiffiffiffiffiffiffiffiffiffi
mϕΛ

p
,

the cutoff satisfies ϕcut ≳ Λ, and for sufficiently large HI
the relic density is well approximated by Eq. (5)
with fðϕi=Λ ≫ 1Þ ≃ 0.14. Requiring Λ values consistent
with the observed relic abundance, this regime occurs
for HI ≫ 30ðmϕ=eVÞ3=8 GeV. Conversely, the cutoff sat-
isfies ϕcut ≪ Λ when HI ≪

ffiffiffiffiffiffiffiffiffiffi
mϕΛ

p
. In this regime, the

harmonic approximation holds, giving fðϕi=ΛÞ≃
0.32ðϕi=ΛÞ2. For g⋆ ¼ 100, the resulting relic abun-
dance isΩϕh2 ≃ 8.1 × 10−9ðHI=GeVÞ4ðmϕ=eVÞ−3=2. This
corresponds to mϕ ≃ 1.7 × 10−5ðHI=GeVÞ8=3 eV, repro-
ducing the well-known result for a free massive scalar [70].

Isocurvature—The wallion can generate isocurvature
fluctuations since it is decoupled from radiation and
unsourced by inflaton perturbations. Cosmic microwave
background (CMB) data constrain their power to PS <
7.6 × 10−11 at the pivot scale k ¼ 0.002 Mpc−1 [4].
In the locked scenario, the isocurvature power spectrum

can be approximated as PS ≈ hðρϕ − hρϕiÞ2=hρϕi2i, where
the average is taken over a Gaussian distribution with mean
ϕi and standard deviation HI=ð2πÞ [71–74]. For initial
misalignments in the range HI=ð2πÞ ≪ ϕi ≲ Λ, the CMB
constraint implies an upper bound on the inflationary scale,
HI=GeV≲ 107ðmϕ=eVÞ−1=4, consistent with [70]. The
opposite limit, ϕi < HI=ð2πÞ, is excluded for ϕi ≲ Λ since
PS ≃ 2. Conversely, large misalignments ϕi ≳ Λ always
evade the isocurvature bound in the locked scenario, as
fðϕi=ΛÞ saturates to a constant.
For the stochastic scenario, the isocurvature power

spectrum is computed following the approach of [68,75].
When H2

I ≪ Λmϕ, existing results for quadratic potentials
apply [70], whereas for H2

I ≳ Λmϕ we numerically solve
the Fokker-Planck equation for the wallion potential [76].
We find that mϕ ≳ 0.5 GeV is excluded by isocurvature
constraints unless HI ≳ 1010 GeV.
Scenarios for wallion cosmology—In the ðmϕ;Λ−1Þ

plane, solid red and blue lines showΩϕ ¼ ΩDM isocontours
for the locked and stochastic scenarios, respectively [77]. In
Fig. 2, we summarize the cosmologically viable parameter
space in the ðmϕ;Λ−1Þ plane. Solid red and blue lines show
Ωϕ ¼ ΩDM isocontours for the locked and stochastic
scenarios, respectively. The blue lines converge to the
red line for ϕi ≳ 4Λ for HI ≳ 103 GeVðmϕ=eVÞ3=8. The
field space boundary ϕ̄, related to ðmϕ;Λ−1Þ through
Eq. (3), takes values in the range 6≲ ϕ̄=Λ ≲ 15. Since
Ωϕ is independent of ϕi if ϕi ≳ 4Λ, all points in Fig. 2 can
be realized satisfying ϕi < ϕ̄. Similarly, as long asHI ≲ Λ,
the stochastic scenario satisfies ϕcut ≲ ϕ̄. We also identify
regions excluded by isocurvature constraints. For the
locked scenario, we show bounds for different values of

FIG. 2. Wallion parameter space in the ðmϕ;Λ−1Þ plane. See
text for a detailed description.
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HI with the region on the right of the colored green lines
being excluded. For the stochastic scenario, the value ofHI
for each point in the plane is identifed by the relic density
constraint, and this leads to the exclusion of the purple
region [78]. Shaded gray regions show constraints from the
Lyman-α forest [79,80] and black-hole superradiance
[81–86]. The latter are taken from Refs. [84–86]. LISA
could probe mϕ ∈ ½10−13; 10−15� eV [87]. Superradiance
bounds cease above a certain Λ−1 [88] due to efficient ϕ
self-interactions [89]. Ultrafaint dwarf-galaxy modeling
(not shown) provides further limits, the strongest implying
mϕ ≳ 8 × 10−18 eV [92,93].
A plausible origin: Instantons—We now turn to the

microscopic origin of the wallion potential, showing that it
can arise from instanton dynamics. Our approach parallels
Ref. [94], where the Higgs potential was generated through
instanton effects. We extend the SM by introducing a dark
gauge group SUðNÞ and a scalar field ϕ. The Lagrangian
includes the following two operators:

L ⊃ −
1

4g2d
GμνGμν þ 1

4M2
ϕ2GμνGμν; ð9Þ

where gd and Gμν denote the dark gauge coupling and field
strength. The first term is the kinetic operator for the dark
gauge bosons, while the dimension-6 contact interaction
effectively redefines the gauge coupling

1

g2effðμ;ϕÞ
¼ 1

g2dðμÞ
−

ϕ2

M2
; ð10Þ

where μ is the renormalization scale. Nonperturbative
instanton effects can then generate the potential [95–99]

V instðϕÞ ¼ KðμÞ exp
�
−

8π2

g2effðμ;ϕÞ
�
: ð11Þ

Up to the constant V0, this reproduces the wallion potential
in Eq. (2) with ϕ̄2 ¼ M2=g2ðμÞ − ln ½KðμÞ=Λ4�Λ2 and
Λ2 ¼ M2=ð8π2Þ. For M2 > 0, the Lagrangian in Eq. (9)
thus induces a field-space boundary at jϕj ¼ ϕ̄, beyond
which the effective gauge coupling squared g2eff defined in
Eq. (10) becomes negative. The sign and magnitude of
KðμÞ are determined by the instanton dynamics of the dark
SUðNÞ. The existence of the boundary and the stability of
the potential both require KðμÞ > 0.
We briefly comment on possible UV completions that

generate the higher-dimensional operator in Eq. (9). One
possibility is a mild breaking of the shift symmetry through
interactions such as λϕ2η†η or λϕψ̄1ψ2, where η and ψ i are
SUðNÞ-charged scalars and fermions, respectively. In the
fermionic case, the linear coupling in ϕ can be forbidden by
assigning suitable charges to ϕ and ψ i under, for instance, a
Z2 symmetry.

On the possibility of SM interactions—All observable
effects discussed so far, including the relic density and
isocurvature signals, arise solely from gravitational inter-
actions and wallion self-interactions encoded in the scalar
potential of Eq. (2). Although couplings to SM fields are
not required for the internal consistency of the framework,
they open the appealing possibility of wallion detection in
terrestrial experiments. If the heavy degrees of freedom
generating the dimension-6 operator in Eq. (9) carry SM
charges, additional higher-dimensional operators naturally
emerge, such as

L ⊃
cF
4M2

ϕ2FμνFμν; ð12Þ

where cF is a coefficient determined by the UV completion
and Fμν denotes the electromagnetic field strength. This
operator calls for a reassessment of the relic density
analysis and threatens the naturalness of the wallion mass.
In what follows, we focus on this example, keeping in mind
that couplings to other SM fields may also arise.
Operators such as Eqs. (9) and (12) induce radiative

corrections to the wallion mass. At one loop, this con-
tribution is estimated as m2

ϕ;1-loop ∼ Λ4
UV=ð512π4Λ2Þ [100],

where ΛUV denotes a UV cutoff. Such corrections are
generic in models with quadratically coupled ultralight DM
[101–103]. We regard the instanton-induced potential as
natural if m2

ϕ > m2
ϕ;1-loop. This is easily met when ϕ is

decoupled from the SM, since ΛUV can be arbitrarily low.
In contrast, once Eq. (12) is included, collider limits require
ΛUV ≳ 100 GeV. Whether this correction actually arises
depends on the UV completion; for example, in frame-
works such as Ref. [102], inspired by twin-Higgs models
[104], the first nonvanishing contribution appears only at
two loops. Thus, the naturalness issue is UV-sensitive
rather than intrinsic to the wallion framework.
Interactions with photons induce a thermal contribution

to the wallion mass [105]

Δm2
ϕðTÞ ¼ cFα2em

π2

3

T4

M2
; ð13Þ

where αem is the fine-structure constant [106]. In a UV
completion with a quartic coupling between the wallion and
a heavy charged scalar, λϕ2η†η, the dimension-6 operators
in Eqs. (9) and (12) acquire the same sign. Because the
presence of a field-space boundary requires this sign to be
opposite to that of the gauge kinetic term, the resulting
squared thermal mass of the wallion is positive.
We assume instantaneous reheating with reheat temper-

ature Trh and set HI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆π2=90

p
T2
rh=MPl. We further

consider inflaton decays exclusively into SM states and
restrict to Trh < M. Consequently, the dark sector is cold at
reheating, and the wallion potential is present throughout.
Moreover, dark gluons never thermalize and do not
contribute to dark radiation.
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The wallion evolution is governed by two different
contributions: the potential with boundaries in Eq. (2)
and the thermal mass in Eq. (13). We first consider the
locked inflationary scenario, with ϕðTrhÞ ¼ ϕi and the
thermal mass dominating at Trh. Assuming also
ΔmϕðTrhÞ > HðTrhÞ, the field undergoes harmonic oscil-
lations with a temperature-dependent mass, as the QCD
axion before confinement but following the scaling in
Eq. (13). The ratio ΔmϕðTÞ=HðTÞ is temperature indepen-
dent, so this regime occurs only if ΔmϕðTrhÞ > HðTrhÞ,
corresponding to Λ−1 ≳ 8.7 × 10−17

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g⋆=cF

p
GeV−1. The

invariant IT ≡mϕðTÞϕðTÞ2T−3 implies the subsequent
redshift ϕ ∝ T1=2. Eventually, the vacuum potential
becomes dominant. Provided the preceding oscillatory
phase persists long enough, the transition occurs when
the wallion potential is effectively harmonic. Accordingly,
the transition occurs at the temperature Tc defined by
ΔmϕðTcÞ ¼ mϕ, with mϕ from Eq. (3). This is consistent
provided ϕi=Λ ≪ ðTrh=TcÞ1=2. The subsequent evolution is
matterlike, with a field amplitude at matter–radiation
equality estimated as ϕðTeqÞ ≃ ðTeq=TcÞ3=2ðTc=TrhÞ1=2ϕi.
Matching this to the radiation energy density at that epoch,
m2

ϕϕðTeqÞ2 ¼ g⋆ðTeqÞðπ2=30ÞT4
eq, shows that the wallion

reproduces the observed DM relic abundance for
Λ−1 ≃ 2 × 10−3

ffiffiffiffiffi
cF

p ðmϕ=eVÞðϕi=ΛÞ2T−1
rh .

There are exceptions to the situation described above.
First, the thermal mass may be too small to permit
oscillations (ΔmϕðTrhÞ < HðTrhÞ), with the field frozen
until the wallion potential triggers its motion and the relic
abundance given by Eq. (5), provided Trh > T⋆.
Futhermore, Trh can be small enough such that the wallion
potential always dominates over the thermal mass.
Assuming the field at reheating satisfies ϕi ≲ Λ, the
harmonic part of the potential drives its motion. If
we have Trh > T⋆, the DM relic density constraint
reads Λ−1 ≃ ðmϕ=eVÞðϕi=ΛÞðTeq=TrhÞ1=2T−1

rh . Finally, we
address the stochastic scenario. Crucially, it is not possible
to reproduce the relic density when ΔmϕðTrhÞ > HðTrhÞ
since the existence of the wallion potential during inflation
requires the Hubble parameter HI to be smaller than the
dark confinement scale ΛD ≃

ffiffiffiffiffiffiffiffiffiffi
mϕΛ

p
. In the opposite case,

the results for the stochastic scenario presented in Fig. 2
apply, as long as Trh > T⋆ and HI ≲ ΛD.
Figure 3 summarizes the phenomenological constraints

in the ðmϕ;Λ−1Þ plane, assuming cF ¼ 1. Above the
horizontal gray line, identified by ΔmϕðTrhÞ ¼ HðTrhÞ,
we consider DM production driven by ΔmϕðTÞ in the
locked scenario and Trh > Tc. We set ϕi ¼ Λ and at each
point determine Trh reproducing Ωϕ ¼ ΩDM. The solid red
lines identify Trh ¼ 5 MeV and Trh ¼ 1015 GeV. The
region to the left of the Trh ¼ 5 MeV line requires larger
initial misalignment ϕi because of the big bang nucleo-
synthesis (BBN) constraints [110–112]. Contrarily, the

region to the right of the Trh ¼ 1015 GeV line requires
smaller ϕi due to constraints on the energy scale of inflation
[4]. The green shaded region indicates exclusion from
isocurvature once we impose on each point a value of Trh
that reproduces the relic density for ϕi ¼ Λ.
Thermal scattering of bath particles produces wallions

that can contribute to dark radiation or a hot DM sub-
component. Their production rate per unit volume is
γϕðTÞ ¼ ð3c2F=π3ÞT8=M4, yielding an asymptotic comov-

ing number density Y∞
ϕ ≃ 0.2ðc2F=g3=2⋆ ÞðMPlT3

rh=M
4Þ. Dark

radiation is constrained by BBN [113–115] (for
mϕ ≲ 1 MeV) and by the CMB [4] (for mϕ ≲ 0.1 eV),
both requiring ΔNeff ≲ 0.3. Following Ref. [116], we
obtain ΔNeff ≃ 75.6ðY∞

ϕ Þ4=3 [117], which in turn implies

Λ−1 ≲ 4.6ðg3=8⋆ =c1=2F ÞM−1=4
Pl T−3=4

rh . For mϕ ≳ 0.1 eV, ther-
mally produced wallions form a subdominant hot DM
component. Requiring their mass density to stay below
one percent of the observed DM abundance [120] yields
Λ−1 ≲ 3.3ðg3=8⋆ =c1=2F ÞðeV=mϕÞ1=4M−1=4

Pl T−3=4
rh .

Ultralight DM featuring a quadratic coupling to photons
can be explored through a broad suite of experimental
searches [101,105,121–123]. We show in Fig. 3 with blue
shaded regions constraints from tests of the weak equiv-
alence principle [124,125], time variation in atomic tran-
sition frequencies [126], BBN [105,127,128]. We also show
with black dashed lines projections from upcoming atom
interferometers [129,130]. While not presented here, recent
limits from sourcing in white dwarfs may also apply [131].
Finally, we discuss the region below the horizontal gray

line where thermal effects are negligible. The red and blue
curves denote the regions yielding successful DM produc-
tion in the locked and stochastic inflationary scenarios,
respectively. Each line corresponds to the maximal achiev-
able coupling Λ−1 in the given scenario, obtained for ϕi ≃
1.52Λ (locked) and HI ¼ ΛD (stochastic).
Conclusions—In this Letter, we introduced the wallion

field with a potential bounded in field space and an

FIG. 3. Phenomenology of wallion-photon interactions in the
ðmϕ;Λ−1Þ plane. See text for a detailed description.
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exponentially suppressed and radiatively stable mass. The
same potential drives matterlike oscillations at late times,
making the wallion a compelling ultralight DM candidate.
Unlike axion models with periodic potentials, the present-
day energy density becomes independent of the inflationary
misalignment once this exceeds a critical value.
Intriguingly, this property is responsible for the suppression
of isocurvature perturbations.
We explored the possible origin from instanton effects in

a confining dark gauge sector. This requires a dimension-6
quadratic coupling between the wallion and the gauge
kinetic term. Remarkably, the framework operates entirely
within the dark sector, without invoking interactions with
SM fields. The framework becomes even more intriguing if
the wallion also couples to visible particles. Such inter-
actions can naturally emerge within the instanton setup
when the heavy states responsible for the dimension-6
operator carry SM gauge charges. As we have shown, these
couplings influence the cosmological evolution and relic
density, while simultaneously opening a window for
detection in forthcoming precision experiments such as
AION and AEDGE.
This Letter sets the stage for several future develop-

ments. From the model-building perspective, a systematic
study of UV completions that realize instanton-generated
field-space boundaries represents an important next step.
The inclusion of SM interactions enriches the early uni-
verse dynamics, and a detailed treatment will be essential to
fully establish the framework. In a complementary direc-
tion, one may explore alternative origins of field-space
boundaries, for instance from noncanonical kinetic terms in
extradimensional constructions or from potentials induced
for pseudo-Nambu-Goldstone bosons of noncompact,
softly broken symmetries. These ideas are not limited to
the exponential potential considered here but may apply
more broadly to any setup that effectively behaves as an
infinite potential well. From a phenomenological stand-
point, field-space boundaries may also have far-reaching
implications, including roles in inflationary model build-
ing, distinctive signatures in primordial non-Gaussianities,
or a possible link to superfluid DM via the induced
repulsive quartic self-interaction. Altogether, these features
identify field-space boundaries as a new and testable
guiding principle for the origin of DM and scalar field
dynamics in the early universe.
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