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Hints of cosmic microwave background polarization rotation (Δϑ ∼ 10−3 rad) are commonly
attributed to late-time dynamics of ultralight axions. We show that such ultralight degrees of freedom
are not required. Polarization rotation naturally arises as a geometric interface phase acquired when
photons cross interfaces between topologically distinct dark sector vacua. The effect is a discrete phase
shift fixed by the normalization of a wall-supported electromagnetic Chern-Simons interaction and
protected by an emergent 1-form symmetry of the low energy effective theory. This mechanism
reproduces the familiar adiabatic rotation induced by light axion domain walls, but persists for arbitrarily
thin walls where the axion is heavy or absent. In this regime the rotation manifests as a Pancharatnam
phase localized at vacuum interfaces, independent of redshift and photon frequency below a natural
ultraviolet cutoff. Cosmic birefringence thus emerges as a probe of vacuum structure in the dark sector,
rather than of light-field dynamics.
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I. INTRODUCTION

Tantalizing observational hints [1] of CMB polariza-
tion rotation, at the level of Δϑ ∼ 10−3 rad, have
attracted increasing attention in recent years. Standard
lore attributes such signals to late-time dynamics of
ultralight fields, most notably axionlike pseudoscalars
[2,3] (see also [4–10]), which couple to the CP-odd
electromagnetic operator ϵμνλσFμνFλσ. In many scenarios
an axion evolving in time couples differently to the two
electromagnetic helicities, inducing a gradual and cumu-
lative rotation of the polarization plane as light prop-
agates across cosmological distances. The effect is
intrinsically adiabatic and depends sensitively on the
spacetime profile and time evolution of the scalar
field. As a consequence, producing an observable
rotation requires the axion to be extremely light, with
mass roughly below the Hubble scale at last scatter-
ing, m≲HLSS ∼ 10−28 eV.
This constraint can be seen directly. Since the last

scattering surface occurs during matter domination,
CMB photons propagate predominantly through a mat-
ter-dominated universe. Truncating the axion potential to
its mass term, an initially displaced axion obeys

ϕ̈þ 3Hϕ̇þm2ϕ ≃ 0: ð1Þ

In matter domination, when the axion is a spectator, this
equation admits the exact solution

ϕðtÞ ¼ afϕti
cos½mðt − tiÞ�

t
; ð2Þ

where a is a Oð1Þ numbers that parametrize initial
conditions, ti the time ϕ begins to oscillate, and fϕ is
the axion decay constant. The total polarization rotation
induced by such an evolution is bounded by

Δϑ≲ amti

Z
tf

ti

dt
sin½mðt − tiÞ�

t
: ð3Þ

Over the relevant interval Δt ¼ tf − ti ≲H−1, the factor
1=t decreases slowly, while cosðmtÞ oscillates rapidly when
m ≫ H. By the Riemann-Lebesgue lemma the contribu-
tions to the integral will be suppressed except inside an
interval of a single period around the initial time, yielding at
most Δϑ ≃ amti=mti ≃ a. If m > HLSS this will occur
before the CMB is around, and even if ϕ is still oscillating
after the last scattering surface, the imprint on the CMBwill
be too suppressed by premature release of the axion ϕ.
Thus we need m≲H, where H ≲HLSS. Up to Oð1Þ
numerical factors, this requires m≲ 10−28 eV for an
observable effect. Moreover, any such signal depends
sensitively on the detailed history of the axion evolution
and can be contaminated by inhomogeneities in geometry,
matter distribution, or local dynamics. In practice,
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producing polarization rotation from time-evolving fields
demands the presence of ultralight scalars.1

In this work we show that ultralight degrees of freedom
are not required to generate observable cosmic birefrin-
gence. Instead, cosmic birefringence mechanisms fall into
two distinct universality classes. In the first, birefringence
is dynamical and controlled by broken 0-form symmetries,
such as the axion shift symmetry, requiring light axions and
adiabatic evolution. In the second, birefringence arises
from vacuum interfaces and is controlled by emergent
1-form symmetries of the low-energy effective theory. The
mechanism presented here provides a unified description of
both cases and an explicit realization of the interface-driven
class. The relevant symmetry structure arises only in the
infrared effective theory; in the ultraviolet the topology of
the full Hilbert space need not be directly accessible to low-
energy probes.
Our starting point is a reinterpretation of axion-induced

polarization rotation at low frequencies as a symmetry-
protected geometric interface phase associated with photon
propagation through different θ vacua, rather than as a
purely dynamical effect driven by time evolution of an
ultralight pseudoscalar. Once cast in this form, the mecha-
nism naturally generalizes beyond slowly varying scalar
backgrounds, relaxing the requirement that birefringence
be adiabatic. In particular, when ultralight axions are
absent, polarization rotation arises as a phase accrued
when photons traverse interfaces between topologically
distinct vacuum regions. Crossing such an interface induces
a discrete twist of the polarization plane, as originally
discovered by Shivaramakrishnan Pancharatnam in opti-
cally active materials in 1956 [11,12]. If we are surrounded
by one such wall, or an array of many connected ones, the
effect covers the whole sky.
An additional attractive feature of this mechanism is that

the magnitude of the effect does not rely on ultralight mass
scales. The polarization rotation is controlled by the
coefficient of the wall-supported electromagnetic Chern-
Simons interaction, which can naturally inherit anomaly-
induced suppression factors of order αQED=2π ∼ 10−3 from
heavy charged matter integrated out of the low-energy
theory [13–15]. Since this coupling arises from anomaly-
induced interactions generated by heavy charged states, its
coefficient is radiatively stable and protected by the Adler–
Bardeen nonrenormalization theorem [16]. Remarkably,
the observed hint of birefringence at the level of a few times
10−3 radians is naturally of the expected magnitude in this
framework.
After reviewing the adiabatic regime in which light

axions are present, we consider the axion decoupling limit.

We focus on the simplest case of a single domain-wall
crossing that induces a discrete polarization rotation. This
setting arises naturally in the context of discretely evan-
escent dark energy [13–15]. More general vacuum struc-
tures and multiple crossings are straightforward extensions
and are discussed in Sec. VI. We develop a unified
quantum-mechanical description of probe photons, such
as the CMB, propagating through backgrounds with a
varying vacuum angle θ along the line of sight, irrespective
of whether the variation is smooth and adiabatic or
discontinuous due to the discharge of a top-form flux.
This approach simplifies the derivation of polarization
rotation [2,3,17–20] and makes manifest that the only
essential criterion is whether a photon crosses from one
vacuum region to another. Photons propagating entirely
within a single vacuum experience no rotation.
The resulting phase change could be interpreted as a

holonomy in polarization space arising from interface-
induced matching of electromagnetic polarization states
across an interface separating topologically distinct dark-
sector vacua. The structure of the interface is constrained by
an emergent 1-form symmetry [21], which protects the
allowed phase jump and renders it insensitive to local
details of the interpolation between vacua [22,23].
Consequently, in the absence of adiabatically varying light
axions, polarization rotation occurs only at localized
vacuum interfaces, and its magnitude is determined by
global topological data rather than by local dynamics or the
cosmological history between crossings.
An important question is whether vacuum interfaces

capable of producing observable birefringence can arise
consistently in cosmology. In this paper we focus on the
class of low-tension, late-time domain walls arising in
discretely evanescent dark energy [13–15]. These walls are
characterized by scales in the range M ∼ 10−3 eV–eV and
naturally evade the standard cosmological difficulties
associated with high-tension domain-wall networks. The
same scale yields vacuum-transition rates of order Γ ∼H4

0,
making such transitions cosmologically relevant near the
present epoch, and plays the role of the cutoff of the low
energy EFT. Hence such walls are naturally produced in a
universe whose age is comparable to ours. Detailed
analyses of membrane nucleation, vacuum decay, wall
evolution, abundance estimates, and cosmological con-
straints have been presented in [13–15] and will not be
repeated here. The purpose of the present work is instead to
determine the polarization signal generated when photons
cross such interfaces.
A key feature of this mechanism is the presence of a

natural ultraviolet cutoff. Because the polarization rotation
is associated with finite-scale interfaces, sufficiently high-
frequency photons resolve the microscopic wall structure
generated by massive degrees of freedom with anomalous
couplings. Above the cutoff, these modes are integrated
back into the theory, screening the effective Chern–Simons

1Note, that these solutions oscillate around a single broad
axion minimum. They can be thought of as the configurations
which did not have enough energy to extrapolate to the next
minimum, and build a wall.
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interaction and suppressing optical activity [13–15]. In this
regime, photon propagation through the wall becomes
effectively sudden [24], eliminating coherent phase accu-
mulation. The decoupling thus occurs precisely when the
effective description breaks down.
Taken together, these results show that cosmic birefrin-

gence can arise from the topological structure of the dark-
sector vacuum itself. In this picture, polarization rotation is
a symmetry-protected geometric phase associated with
interfaces between distinct vacua, rather than a dynamical
signal of a very light field evolution.

II. THE LOW ENERGY CP-ODD THEORY
AND ITS VACUA

The purpose of this section is to define the low-energy
effective field theory and its discrete vacuum structure,
which together determine the existence and properties of
domain walls relevant for photon propagation and polari-
zation rotation in subsequent sections. We consider a
gauge-invariant and Lorentz-invariant low-energy effective
field theory, working in the decoupling limit of gravity,
MPl → ∞, and neglecting spacetime curvature. The action
is [13,25,26]

S ∋
Z

d4x

(
−
1

4
F2
μν − AμJμ −

ζ

4!M2

� ffiffiffiffi
X

p ϕ

fϕ
þH

�
ϵμνλσFμνFλσ

þ 1

2
ð∂ϕÞ2 − VI

�
ϕ

fϕ
þ θ̂

2π

�
−
1

2

� ffiffiffiffi
X

p ϕ

fϕ
þH

�
2

þ 1

6
ϵμνλσ∂μHBνλσ

)

− T
Z

d3ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi���� det
�
ημν

∂xμ

∂ξa
∂xν

∂ξb

�����
s

−
Q
6

Z
d3ξBμνλ

∂xμ

∂ξa
∂xν

∂ξb
∂xλ

∂ξc
ϵabc: ð4Þ

Here Aμ and Fμν ¼ ∂μAν − ∂νAμ are the electromagnetic
gauge field and field strength, and Jμ is the conserved
matter current. For the purposes of this work we set Jμ ¼ 0.
Models with the same structure have been studied as
realization of dark energy and inflation, when coupling
to gravity is restored [27–29].
The field H is a pseudoscalar magnetic dual of the

electric four-form field strength Gμνλσ ¼ 4∂½μBνλσ�, with
Bνλσ the corresponding three-form gauge potential. The
higher-form sector is sourced by membranes of tension
T ≥ 0 and charge Q. The scale M characterizes the
ultraviolet completion of the top-form sector and corre-
sponds to the strong-coupling scale of the dark gauge
theory. The topological susceptibility X generated by
strong dynamics fixes

M ¼ X 1=4: ð5Þ

The dimensionless parameter ζ controls the ratio Q=M2

[30–32].
The pseudoscalar ϕ plays the role of an axionlike field

that mixes with the dark top-form sector through mono-
dromy induced by strong coupling effects. This motivates
the normalization of the ϕ–H interaction by X. We allow ϕ
to couple to additional ultraviolet physics, such as heavy
axions or particles carrying dark microcharges, so that its
instanton-induced potential VIðϕ=fϕ þ θ̂=2πÞ need not be
aligned with the dark sector. In this sense ϕ is a “low-
quality” axion: its vacuum structure and mass need not be

controlled by the dark gauge theory alone, and we treat the
axion mass arising from VI as an adjustable parameter.
Equation (4) should be regarded strictly as an effective

field theory valid below the dark-sector strong-coupling
scale M. A concrete UV origin is provided by a non-
Abelian gauge theory confining at very low energies [13].
As shown by Lüscher [30], such theories naturally generate
topological four-forms, whose longitudinal modes corre-
spond to pseudoscalars when the four-form is massive
[33,34]. Even when all dark propagating degrees of free-
dom are integrated out, CP-odd couplings between electro-
magnetism and the vacuum structure persist as topological
remnants.
Because the electromagnetic Chern-Simons interaction

arises from integrating out heavy states, the effective
coupling ζ is generically scale dependent ζ → ζðkÞ. A
convenient way to parametrize this physics is through a
wall-localized ultraviolet completion. For example, we may
introduce a heavy phase field Φ with mass M confined to
the domain wall, described schematically by the effective
action

Swall ∋
Z

d4xδðMzÞ
�
1

2
ð∂ΦÞ2 − 1

2
M2Φ2 þM2φΦ

−
ĝ
4!

Φ
fΦ

ϵμνλσFμνFλσ

�
: ð6Þ

At momenta k ≪ M the heavy mode Φ can be integrated
out, yielding a wall-localized Chern-Simons interaction
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with an effective coefficient ζðkÞ that approaches a constant
for k ≪ M and is suppressed for k≳M. Explicitly,
solving the Φ equation of motion in momentum space in
terms of φ, which simulates the mixing of the effective
axion φwith heavy chiral quarks, shows that ζðkÞ decreases
parametrically as

ζðkÞ ≃ ζð0Þ
1þ k2=M2

; ð7Þ

rendering thewall transparent to sufficiently high-frequency
photons. While the detailed form of ζðkÞ is model depen-
dent, this qualitative behavior is robust [35]. On the other
hand, below the cutoff, where ζðkÞ ≃ ζð0Þ, localization of
the interaction to the wall introduces an extra power of
momentum in the numerator of the photon scattering kernel.
This feature will play a central role in the emergence of a
frequency-independent polarization rotation below the cut-
offM, and ultimately in the interpretation of the effect as a
symmetry-protected geometric interface phase rather than a
dynamical phase. For the class of low-scale domain-wall
scenarios considered here, M naturally lies in the range
10−3 eV–eV.ConsequentlyCMBphotons lie at or below the
EFT cutoff. Hence in the phenomenologically relevant
regime the propagation of CMB photons across the wall
is faithfully described by the low-energy theory (4).
Throughout this work we assume the absence of other

ultralight axions or light fields coupled to electromagnetism.
We likewise assume the absence of light electrically charged
matter, so that electromagnetism is described by free
Maxwell theory in each vacuum region. Consequently,
standard cosmological bounds associated with light degrees
of freedom can be evaded once we consider the limit in
which the axion ϕ in Eq. (4) decouples—this being the only
light degree of freedom in the theory besides the photon. In
this axion decoupling limit, the optical activity analyzed
beloworiginates entirely from thevacuumstructure encoded
in Eq. (4), rather than from propagating dark particles.
The vacuum structure of the theory is determined by

unbroken discrete symmetries. The axion enjoys a discrete
shift symmetry,

ϕ

fϕ
→

ϕ

fϕ
þ n; ð8Þ

while the quantized dual magnetic field transforms as

H → HþNQ: ð9Þ

A combined shift leaves the action invariant up to a shift
of vacuum energy. Removing this vacuum energy shift
restricts the discrete symmetry to a single free parameter.
Writing Q ¼ qM2 with rational q ¼ r=p, the vacuum
manifold is the quotient of the integer lattice
fnvac;N vacg∈Z2 by the sublattice generated by ðr;pÞ,

fnvac þ n;N vac þN g≡ fnvac;N vacg; ð10Þ

with rN þ pn ¼ 0.
The key physical consequence is that transitions between

vacua are discrete and symmetry protected. A change of
vacuum corresponds to varying either ϕ or H in a way that
cannot be undone by local operations. It is these vacuum
transitions—rather than smooth background evolution or
local field values—that control the interaction of photons
with the dark sector, and hence the polarization rotation
effects analyzed in the following sections.

III. ADIABATIC BIREFRINGENCE FROM
LIGHT AXIONS

In what follows we treat the CP-odd pseudoscalars
appearing in Eq. (4) as fixed background fields, and the
electromagnetic field Fμν as a probe. This amounts to
assuming that the pseudoscalars are determined by sources
entirely decoupled from the electromagnetic sector, except
for their Chernimons coupling to electromagnetism. In this
limit the electromagnetic field equations simplify, and
varying the action with respect to Aμ yields

∂μ

(
Fμν þ ζ

6M2
ϵμνλσ

�
M2

ϕ

fϕ
þH

�
Fλσ

)
¼ 0; ð11Þ

where, as before, we have set Jμ ¼ 0.
Equation (11) immediately shows that in regions where

the combination ðM2 ϕ
fϕ
þHÞ is constant, and in the

absence of magnetic monopoles, electromagnetism reduces
locally to ordinary Maxwell theory. The additional term is
proportional to ϵμνλσ∂μFλσ, which vanishes identically
when the gauge potential can be globally defined,
∂½μFλσ� ¼ 0.

When ðM2 ϕ
fϕ
þHÞ varies along a characteristic that

propagates the electromagnetic phase, i.e., along an ingoing
null ray in the geometric-optics limit, Eq. (11) can induce a
change in the relative orientation of the electric and
magnetic fields. Introducing the auxiliary field strength

F̃μν ¼ Fμν þ ζ

6M2

�
M2

ϕ

fϕ
þH

�
ϵμνλσFλσ; ð12Þ

it is intuitively clear that the effective linear combination of
E⃗ and B⃗ rotates as the electromagnetic wave propagates
through regions where the background varies. The central
question is which part of this change corresponds to a
genuine physical rotation, and which part may be removed
by a gauge transformation or canceled by destructive
interference.
To address this, we begin by considering the limit in

which the flux H is frozen. This can be achieved by
choosing the membrane tension T sufficiently large that the
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membrane nucleation rate is negligible, so that H does not
change over the age of the universe. In this regime we may
use the simplified effective action

S ∋
Z

d4x

(
−
1

4
F2
μν − AμJμ −

ζ

4!fϕ
φϵμνλσFμνFλσ

þ 1

2
ð∂φÞ2 − VI

�
φ

fϕ
þ θ̃

2π

�
−
M4

2f2ϕ
φ2

)
; ð13Þ

where we have defined

φ ¼ ϕþ fϕ
H
M2

; θ̃ ¼ θ̂ − 2π
H
M2

: ð14Þ

This field redefinition isolates the propagating pseudoscalar
degree of freedom while absorbing the effect of the frozen
4-form flux into a shift of the effective vacuum angle. The
redefined vacuum parameter θ̃ encodes the possibility that
CP-violating phases arising from ultraviolet physics are
misaligned with those of the dark sector, a natural circum-
stance when the axion ϕ is of low quality.

A. Axion walls

We briefly revisit the analysis of Huang, Harari, and
Sikivie [2,3], but from a perspective that is more suited to
our purposes. The axion background is determined by
solving the field equation obtained from Eq. (13),

∂
2φ¼−∂φVeffðφÞ; VeffðφÞ¼VI

�
φ

fϕ
þ θ̃

2π

�
þM2

2f2ϕ
φ2:

ð15Þ

This formulation coincides with the problem studied in
[2,3] for photon propagation in the background of a domain
wall generated by a light axion field. The vacua of the
theory are solutions of

∂φVI

�
φ

fϕ
þ θ̃

2π

�
þM2

f2ϕ
φ ¼ 0: ð16Þ

The periodicity of VI under the discrete shift symmetry (8)
implies that, when H is frozen, neighboring vacua in the
axion lattice are separated by Δφ ≃ fϕ.
To make the discussion explicit, we adopt the standard

harmonic approximation for the instanton-generated axion
potential,

VI ¼ μ4
�
1 − cos

�
2π

φ

fϕ
þ θ̃

��
; ð17Þ

where μ4 is the topological susceptibility of the sector
generating VI. In this case Eq. (16) becomes

4π2μ4 sinðχ þ θ̃Þ ¼ −M4χ; χ ≡ 2π
φ

fϕ
: ð18Þ

Solutions of this equation correspond either to true vacua or
to maxima of the effective potential separating them. In the
limit of negligible dark-sector effects, M → 0, the vacua
are located at φ=fϕ ¼ n − θ̃=2π and are separated
by Δφ ¼ fϕ.
For 0 < M4 ≪ 4π2μ4, the solutions can be found

perturbatively. Defining χn ¼ 2πn − θ̃ and expanding
about χ ¼ χn þ δn, one finds to leading order

δn ≃ −
M4

M4 þ 4π2μ4
ð2πn − θ̃Þ: ð19Þ

Since δn ∈ ½0; 2π�, multiple distinct vacua exist only if
M4 ≪ 4π2μ4. In the opposite regime the theory admits a
unique vacuum when H is frozen.2

The vacuum locations are therefore

φn ≃
4π2μ4

4π2μ4 þM4

�
n −

θ̃

2π

�
fϕ; ð20Þ

showing that dark-sector effects both reduce the separation
between neighboring minima,

Δφ ¼ fϕ ⟶
4π2μ4

4π2μ4 þM4
fϕ; ð21Þ

and lift their degeneracy. The corresponding vacuum
energies are nondegenerate,

VeffðφnÞ ≃
M8

8π2μ4

�
φn

fϕ

�
2

: ð22Þ

Axion domain walls are solitonic field configurations
interpolating between vacua at spatial infinity. Since the
energy difference between the true vacuum and the nearest
false vacuum is smallest, we focus on walls connecting
those states. Detailed analyses of the interpolating solution
appear in [2,36]. For our purposes it suffices to adopt the
sine-Gordon kink solution [36] valid in the regime
M4 ≪ 4π2μ4,

2π
φ

fϕ
þ θ̃ ¼ 4 arctanðemϕz=

ffiffi
2

p
Þ; ð23Þ

where mϕ ¼ 2πμ2=fϕ is the axion mass. This solution
interpolates between adjacent vacua with Δφ ¼ fϕ. The
domain wall thickness is L ≃ 1=mϕ, and the maximal

gradient at the wall center is ∂zφ ≃mϕfϕ=ð
ffiffiffi
2

p
πÞ.

2The minimum then lies generically far from the endpoints of
½0; 2π�, leading to a strong CP problem.
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We now consider the axion decoupling limit. As in any
effective field theory, the axion decouples when its mass
approaches the ultraviolet cutoff, mϕ → fϕ, with fϕ held
fixed. In a Peccei-Quinn UV completion [37–39], fϕ is the
vacuum expectation value of the radial mode whose phase
becomes the axion, and sets the cutoff of the axion sector.
In this limit the truncated expansion of VI becomes
unreliable and the wall thickness shrinks to L ∼ 1=fϕ,
while the wall tension, T ≃ 2

3
ðfϕ=2πÞ2mϕ [36], approaches

the cutoff scale, T ∼ f3ϕ. A consistent effective description
therefore requires

∂zφ < f2ϕ; ð24Þ

since variations of order Δφ ∼ fϕ cannot be resolved over
distances shorter than the cutoff.

B. A review of birefringence by light axion domain walls

Let us now turn to the propagation of an electromagnetic
field in the axion domain wall background φðzÞ described
above. We review this case in some detail because it
provides a controlled adiabatic limit, which serves as a
baseline for the nonadiabatic and axion-decoupled regimes
discussed later. For a given axion profile φ, photon
dynamics reduces to standard axion electrodynamics
[40], with field equations

∂μ

�
Fμν þ ζ

6fϕ
ϵμνλσφFλσ

	
¼ 0; ð25Þ

which follow from varying Eq. (13) and setting Jμ ¼ 0.
Since we also ignore magnetic monopoles, Fμν ¼
∂μAν − ∂νAμ, and hence 1

2
ϵμνλσ∂μFλσ ¼ ∂μ � Fμν ¼ 0,

where �Fμν ¼ 1
2
ϵμνλσ∂μFλσ . Using this identity and sub-

stituting for φ, the Maxwell equations (25) in Lorentz
gauge reduce to

∂
2Aμ ¼ gϵμνλσð∂νφÞ∂λAσ; ð26Þ

where we have introduced the shorthand

g ¼ ζ

3fϕ
: ð27Þ

For propagating electromagnetic waves, residual gauge
freedom in Lorentz gauge may be used to set
Aμ ¼ ð0; A⃗⊥; 0Þ, where A⃗⊥ is the transverse vector field

satisfying ∇! · A⃗⊥ ¼ 0. Substituting this into Eq. (26) and
Fourier transforming in time, A⃗⊥ ∝ e−iωt, after straightfor-
ward algebra one arrives at the matrix equation governing
the transverse components,

 �
d
dz

�
2

þω2

! 
Ax⊥
Ay
⊥

!
¼ gω∂zφ

�
0 −i
i 0

� 
Ax⊥
Ay
⊥

!
: ð28Þ

This equation holds in the rest frame of a very large domain
wall, which we approximate as planar and place at z ¼ 0. In
this frame the translational homogeneity of the wall implies
that φ depends only on the coordinate transverse to the
wall, so that φðx⃗Þ ¼ φðzÞ [2,3]. Also, since we can boost in
the z–t plane to pick a frame where the incident wave is
along the normal, k⃗kẑ, we have k⃗ · x⃗ ¼ kz, and the wave
phase only changes in the z direction [2,3].
In the adiabatic regime, ω ≫ g∂zφ, the wall is non-

absorptive and incident photons transmit with unit prob-
ability to leading order. Choosing coordinates so that the
false vacuum lies at z → þ∞ and the true vacuum at
z → −∞, we may take all photons to propagate—i.e., their
phases to vary—along ingoing characteristics defined
by i∂z − ω ¼ 0.3

Working in the eikonal approximation and projecting
onto ingoing modes only,

��
d
dz

�
2

þ ω2

�
¼ ðωþ i∂zÞðω − i∂zÞ ≃ 2ωðω − i∂zÞ;

Eq. (28) reduces to a two-component Schrödinger equation
with “imaginary time” iz,

i∂z

 
Ax⊥
Ay
⊥

!
¼H

 
Ax⊥
Ay
⊥

!
; H¼ω11−

1

2
g∂zφσ2; ð29Þ

where σ2 is a Pauli matrix. Mapping wave propagation to a
first-order equation in this way is standard in analyses of
axion-photon propagation [41].
Although the steps above may appear classical, the

analysis is properly interpreted as tree-level quantum
mechanics. The transverse fields A⃗⊥ represent expectation
values of the photon vector potential in a coherent state
describing many CMB photons crossing the wall. The
eikonal reduction from the relativistic wave equations (28)
to (29) expresses the absence of mixing between positive-
and negative-frequency modes, justifying the use of quan-
tum-mechanical language.
We emphasize that Eq. (29) is not an exact reduction of

the second order wave equation, but a controlled eikonal
approximation. It is obtained by projecting onto ingoing
characteristics and neglecting backward-propagating
modes, and is valid when the interaction terms in H are
ultralocal or parametrically small compared to the photon

3We adopt the sign conventions of [14,15], in which the initial
“in” state is located outside the spherical wall at z → þ∞ and the
final “out” state at z → −∞ in the planar limit. With this choice
the arrow of time corresponds to decreasing z, allowing all
integrals to be written as

R
∞
−∞ dz.
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frequency. When exploring the behavior of the theory at
very high frequencies, we will therefore need to revert to
the second order equation (28).
Returning to Eq. (29), the solution is straightforward

because the Hamiltonians at different “times” z commute.
The evolution operator is

Uðz;z0Þ¼Texp

�
−i
Z

z

z0

dzHðzÞ
�
¼ exp

�
−i
Z

z

z0

dzHðzÞ
�
:

ð30Þ

When ω ≫ jg∂zφ=2j, the off-diagonal term in H may be
treated perturbatively. WritingΔφ ¼ R∞−∞ dz∂zφ, one finds

4

Z
z

z0

dzH ¼ ωΔz11þ 1

2
gΔφσ2: ð31Þ

Substituting this into Eq. (30) yields

Uðz; z0Þ ¼ e−iωΔz

0
B@ cos



1
2
gΔφ

�
− sin



1
2
gΔφ

�
sin


1
2
gΔφ

�
cos


1
2
gΔφ

�
1
CA: ð32Þ

The propagated transverse field is therefore

�
Ax⊥ðzÞ
Ay
⊥ðzÞ

�
¼ e−iωΔz

0
B@ cos



1
2
gΔφ

�
− sin



1
2
gΔφ

�
sin


1
2
gΔφ

�
cos


1
2
gΔφ

�
1
CA

×

�
Ax⊥ðz0Þ
Ay
⊥ðz0Þ

�
: ð33Þ

Formal validity of this solution requires ω ≫ jg∂zφ=2j.
Using Δφ ≃ fϕ and g ¼ ζ=ð3fϕÞ gives

1

2
g∂zφ ≃

ζ

6L
; ð34Þ

where L ∼ 1=mϕ is the physical wall thickness, and L0 ¼
6
ζ L its optical thickness. For wavelengths λ ≪ L0, the
polarization vector undergoes adiabatic rotation by an angle

ϑ ¼ 1

2
gΔφ ¼ ζ

6
; ð35Þ

relative to its initial orientation.
In the opposite limit, λ ≫ L, the wall is thin compared to

the photon wavelength. The eikonal equation (29) then
degenerates as ω → 0, and one must revert to the second
order equation (28). Setting ω ¼ 0 yields d2

dz2 A⃗⊥ ¼ 0 for

bounded ∂zφ, implying continuity of A⃗⊥ across the wall.

Long-wavelength modes therefore traverse thin walls with-
out polarization rotation.
At this stage the analysis remains entirely within the

adiabatic regime and assumes a smoothly varying axion
background. An interesting feature of both limits is that the
nontrivial dynamics is largely independent of wavelength.
We will return to this point below. Although this behavior
may resemble geometric phases in quantum mechanics
[42,43], the polarization rotation here should not be
identified with a Berry phase. The evolution operator
(30) is path independent and depends only on endpoint
data. If the path is closed, the resulting holonomy is trivial.
Consequently, Berry connection and Berry phase vanish
identically in these configurations. This conclusion hinges
crucially on adiabaticity and the absence of discontinuities
in field space. Once these assumptions are relaxed, a
different class of geometric phases becomes relevant.

IV. CHERN-SIMONS AND
PANCHARATNAM PHASE

Physically, if the axion is decoupled and its variation is
precluded, forcing ∂ϕ → 0, it is frozen in one of the vacua
of Eqs. (16) or (18) [44]. In this regime the dimension-5
Chern-Simons operator in Eq. (4) reduces to a total
derivative. It therefore cannot affect local electromagnetic
dynamics, and photons are oblivious to its presence,
provided that the magnetic dual H of the top form that
monodromizes the axion also remains frozen. By this we
mean that the tension of membranes capable of discharging
H is sufficiently large that their nucleation rate is sup-
pressed, so that the lifetime of H exceeds the age of the
universe [13–15,25,26].
A qualitatively different regime appears if H is allowed

to change. Lowering the membrane tension T in Eq. (4)
below a critical value permits domain walls to nucleate
within the present Hubble time [13–15,25,26]. In that case
there is a significant probability that we may inhabit the
interior of a spherical domain wall formed dynamically to
discharge H. From the action (4) one then finds
H ¼ H− þQΘðr − rðtÞÞ, where r is the radial coordinate
describing the instantaneous radius of the expanding
membrane.
To analyze the effect of such a membrane wall on

electromagnetic fields, it is convenient to consider the
large radius limit and approximate the wall as locally
planar, replacing the radial solution by a Cartesian one,

H ¼ H− þQΘðnμðxμ − xμ0ðtÞÞÞ; ð36Þ

where xμ0ðtÞ parametrizes the wall location, nμ is the
outward normal, and Θ denotes the step function. Here
H− is the dual magnetic flux in the interior vacuum, while
Hþ ¼ H− þQ characterizes the exterior vacuum.
Choosing nμ to point in the z direction gives4Note that

R −∞
þ∞ dð−zÞ∂−zφ ¼ −

Rþ∞
−∞ dz∂zφ ¼ −Δφ.
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H ¼ H− þQΘðz − zðtÞÞ: ð37Þ

We can continue to approximate the wall with a plane,
with the main difference compared to the thick light axion
walls from the previous Section arising after decoupling the
axion, which replaces the term mixing polarizations in
Eq. (28) by, using Eqs. (27) and (37) and recalling that
Q ¼ qM2,

g∂zφ → g
fϕ
M2

∂zH ¼ gfϕ
Q
M2

δðzÞ ¼ ζq
3
δðzÞ: ð38Þ

In this regime the vacuum transition is encoded entirely in
the step ofH across the interface. At this point the problem
is no longer one of photon propagation in a slowly varying
background, but of scattering across a localized interface
separating two distinct vacua. This replacement should be
viewed not as a limit of a smooth background profile, but as
the insertion of a localized interaction operator at the
interface.
One might be tempted to automatically carry over the

results from the thick wall case and replace (38) into the
Eqs. (31) and (33). However those results were obtained in
the eikonal approximation valid when positive and negative
frequencies are not mixed, and in the adiabatic regime
where ω ≫ jg∂zφ=2j. Neither of these conditions is sat-
isfied for thin walls: the δ-function does mix positive and
negative frequencies, and clearly invalidates the adiabatic
condition. Here “thin” does not refer merely to a geometric
thickness, but to the fact that the interaction is localized on
scales that invalidate adiabatic transport altogether.
Accordingly, the appropriate description of photon dynam-
ics is no longer a first-order transport equation, but a
genuine scattering problem governed by the second order
wave equation.
For these reasons the problem of waves traversing the

wall was analyzed in Refs. [14,15] by treating the wall as
the boundary conditions for electromagnetic fields on the
interface, similar to Fresnel refraction in optics. Here, we
will use a more general approach, which will provide
deeper insight into the microscopic dynamics of wall
crossing, reproducing precisely the results of [14,15] in
the limit where the mixing strength in (38) is small.
To treat this interface scattering exactly, we rewrite the

second order wave equation as a Lippmann-Schwinger
integral equation, which makes reflection, transmission,
and unitarity manifest. In this setting the Lippmann-
Schwinger formulation is not an approximation scheme,
but the natural language for interface scattering problems.
To this end, we retreat to the second order equation (28) and

solve it directly. Substituting (38) into (28) yields the thin
wall second order propagation equation, which is exact,��

d
dz

�
2

þ ω2

�
A⃗⊥ ¼ ζq

3
ωδðzÞσ2A⃗⊥: ð39Þ

To solve it we invert the differential operator using the
outgoing Green’s function − i

2ω e
iωjzj for (39). This replaces

the Schrödinger differential equation (39) with the com-
pletely equivalent Lippmann-Schwinger integral equation

A⃗⊥ðzÞ ¼ e−iωzA⃗⊥ðþ∞Þ − i
ζq
6
σ2

×
Z

∞

−∞
dz0δðz0ÞA⃗⊥ðz0Þeiωjz−z0j; ð40Þ

that propagates the two-component wavefunction A⃗⊥ðzÞ
fromþ∞ to −∞, realizing our boundary condition where a
wave comes in “outside” of the wall and moves across it
toward an observer “inside.” The form of the integrand in
(40) shows explicitly that the δ term mixes positive and
negative frequencies, as it produces a reflected wave
traveling opposite to the incident one, back to þ∞. This
frequency mixing is not a small correction but a structural
feature of the interface interaction.
This equation can be integrated extremely simply, thanks

to the δ function. The exact solvability of the scattering
problem is a special consequence of the δ-localized
interaction. For any extended wall profile the solution
would remain nonlocal. Indeed,

A⃗⊥ðzÞ ¼ e−iωzA⃗⊥ðþ∞Þ − i
ζq
6
σ2A⃗⊥ð0Þeiωjzj; ð41Þ

and so, evaluating the solution at z ¼ 0, we can solve for
A⃗⊥ð0Þ in terms of A⃗⊥ðþ∞Þ. Using shorthand notation σ̂ ¼
ζq=6 and ϑ ¼ tan−1ðσ̂Þ, after straightforward algebra with
Pauli matrices,

A⃗⊥ð0Þ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ σ̂2
p e−iϑσ2 A⃗⊥ðþ∞Þ: ð42Þ

Substituting into the solution (41) yields the exact solution
of (39) describing an incoming wave refracting on the wall,

A⃗⊥ðzÞ¼ ðe−iωz11− isinðϑÞeiωjzje−iϑσ2σ2ÞA⃗⊥ðþ∞Þ; ð43Þ

which for z > 0 describes a linear combination of the
incident and reflected wave, and for z < 0 the transmitted
wave. It is illuminating to write these explicitly,

A⃗⊥ðzÞ ¼
(
e−iωzA⃗⊥ðþ∞Þ − i sinðϑÞeiωze−iϑσ2σ2A⃗⊥ðþ∞Þ; z > 0;

e−iωz cosðϑÞe−iϑσ2 A⃗⊥ðþ∞Þ; z < 0:
ð44Þ
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Equation (44) thus provides the complete and exact
description of photon scattering across the wall, including
reflection, transmission, and polarization rotation.
These solutions elegantly reveal the underlying physics.

First of all we see that indeed the interactions do produce
frequency mixing and a reflected wave in general. However,
when the mixing is weak, σ̂ ≪ 1 and so ϑ ≪ 1, the reflected
wave amplitude vanishes as sinðϑÞ → 0, restoring the range
of validity of the eikonal approximation we used in the
previous Section. Second, the unitarity of the solution is
maintained since the transmitted, reflected, and incident
amplitudes add up, sin2ðϑÞ þ cos2ðϑÞ ¼ 1, as is clear from
(44). This exactly confirms the perturbative arguments for
unitarity deployed in [14,15]. Third, both the polarization of
transmitted and reflected waves are rotated by the same
angle ϑ; this is indeed a precondition for the wave intensity
conservation at the wall, as required by unitarity.
Finally, the polarization orientation changes discretely at

the thin wall for all wavelengths of photons below the
cutoff of the theory describing the wall at low energies. This
polarization rotation precisely meets the Pancharatnam
phase definition [11,12]. Because the interaction is local-
ized at the interface, the polarization change is finite and
discontinuous, making it natural to interpret the resulting
phase as a Pancharatnam phase associated with state overlap
across the wall. To expose the geometric content of this
polarization rotation, it is natural to work in the circular
polarization basis, where the wall interaction diagonalizes. In
this problem the nontrivial Pancharatnam phase is exposed
only in helicity eigenstates. We rewrite our solution (44) in
the circularly polarized basis

A�ðzÞ ¼
1ffiffiffi
2

p ðAx⊥ðzÞ � iAy
⊥ðzÞÞ: ð45Þ

In terms of these components σ2 is diagonal, σ2A� ¼ �A�.
Now, consider an incoming wave of a definite circular
polarization,

A�ðz > 0Þ ¼ e−iωzA�ðþ∞Þ; A∓ðþ∞Þ ¼ 0: ð46Þ

The transmitted part of (44) for z < 0 is

A�ðz < 0Þ ¼ cosðϑÞe∓iϑe−iωzA�ðþ∞Þ; A∓ðz < 0Þ ¼ 0:

ð47Þ

Hence the two circular polarization components cross the
wall independently from each other, acquiring a helicitye-
pendent phase factor e∓iϑ. As we explained above, the
normalization cosðϑÞ accounts for the reduction of trans-
mitted intensity due to partial reflection and does not affect
relative phases.
The Pancharatnam phase is a ray-space quantity: reflec-

tion affects amplitudes but not the geometric phase
extracted from normalized state overlap. The polarization

rotation encoded in the transmitted wave can now be
interpreted as a geometric phase, extracted directly from
the overlap of incoming and outgoing polarization states.
To extract this Pancharatnam phase, we compare the
incoming and outgoing polarization states after normaliz-
ing away this real amplitude factor. The incoming polari-
zation wave function is specified by the complex amplitude
e−iωzA�ðþ∞Þ, and the transmitted polarization is specified
by Ã�ðz < 0Þ ¼ cosðϑÞe∓iϑA�ðþ∞Þ. The Pancharatnam
phase is defined as the phase of the overlap between the
incoming and outgoing polarization states, divided by its
magnitude to properly normalize the overlap to unity. In the
present case this reduces to the relative phase between the
complex amplitudes,

eiγ
ð�Þ
P ¼ A�ðþ∞Þ�Ã�ðz < 0Þ

jA�ðþ∞Þ�Ã�ðz < 0Þj ¼ e∓iϑ: ð48Þ

Hence the Pancharatnam phase acquired by the two helicity
components is

γð�Þ
P ¼ ∓ ϑ: ð49Þ

Our derivation makes explicit that the Pancharatnam phase
arises directly from the helicity-dependent phase acquired
by the circular components of the transverse electromag-
netic field upon crossing the Chern-Simons wall, irrespec-
tive of the adiabatic approximation, other auxiliary bases,
or the interaction strengths, that can cause reflection, as
long as everything occurs in the effective theory below the
cutoff. No Berry connection, curvature, or adiabatic param-
eter space transport enters at any stage. Unlike a Berry
phase, a Pancharatnam phase does not require transport
around a closed loop in parameter space. It is defined
directly from the overlap of the initial and final polarization
rays. The geometric phase is read off directly from the exact
scattering solution (44).
The interactions do affect the magnitude of the polari-

zation rotation angle. In the limit of weak coupling of the
photon to the wall, when σ̂ ≪ 1, the rotation angle is

Δϑ ¼ ζq
6
; ð50Þ

which precisely reproduces the adiabatic limit induced by a
very light axion variation of the previous section when
q ¼ 1. The sign of the rotation is determined by the
orientation of the vacuum transition. Reversing the direc-
tion of wall crossing changes ΔΘ → −ΔΘ and therefore
Δϑ → −Δϑ. Thus interfaces crossed in opposite directions
contribute with opposite signs to the total rotation.
However, as we see, the full physical picture is far more
intricate. Even in the adiabatic limit, the actual rotation
angle is not really there because of the light axion by itself,
but because of the complex vacuum structure that enables
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that axion to interpolate between the vacua, and because the
photon transits from one vacuum region to another. Further
the exact same result can be reproduced by the thin walls
without any light axions, as already noted in [14,15].
We recall that in the adiabatic limit, the polarization

rotation is frequency independent. This persists in the thin
wall limit as well. Within the regime where the effective
coupling ζ may be treated as approximately frequency
independent, perhaps the easiest way to see why this
curious feature emerges is directly from the second order
differential equation (39). Dividing this equation by ω2 and
changing the variable to ξ ¼ ωz yields

 �
d
dξ

�
2

þ 1

!
A⃗⊥ ¼ ζq

3
δðξÞσ2A⃗⊥; ð51Þ

with frequency completely absorbed below the cutoff M,
when we approximate the wall with a δ function, and as
long as the coupling ζ is approximately frequency inde-
pendent. This frequency independence is the crucial
mechanism that allows us to identify the polarization
rotation as a symmetry-protected probe of the topology
of EFT vacua, and follows from 1-form symmetry in the
photon-wall system, which we will discuss later.
Since the photon-wall system is so simplified for thin

walls, one might ask if smearing the wall changes the
picture in salient ways that obstruct the symmetry-protected
geometric interpretation of polarization rotation. In short,
the answer is no: while smearing the wall changes some
details of photon wall crossing, the interpretation of
polarization rotation as the Pancharatnam phase remains
robust as long as the frequencies remain well below the
cutoff of the complete photon-axion-wall theory in (4).
To show this, let us thicken the wall by introducing a

finite wall-width scale mw, which in general is below the
ultraviolet cutoff M of the effective theory. In axionic
realizations one typically expects mw ∼mϕ, whereas the
EFT cutoff may be parametrically larger. The discussion
below illustrates robustness of the geometric phase and
should be viewed as a probe of finite wall thickness rather
than of ultraviolet completion. We can model this very
simply by replacing the δ function in (39) by a smooth
distribution δmw

that smears the Dirac δ function.
In this case the Lippmann-Schwinger equation (41)

changes to

A⃗⊥ðzÞ ¼ e−iωzA⃗⊥ðþ∞Þ − i
ζq
6
σ2

×
Z

∞

−∞
dz0δmw

ðz0ÞA⃗⊥ðz0Þeiωjz−z0j; ð52Þ

and we cannot integrate it in closed form. But that is not
necessary; using circular polarizations, we diagonalize the
matrix, and reduce (52) to two decoupled wave equations

where we normalize both initial polarizations to unity at
z → ∞,

ψ�ðzÞ ¼ e−iωz ∓ ζq
6

Z
∞

−∞
dz0δmw

ðz0Þeiωjz−z0jψ�ðz0Þ: ð53Þ

Now we can separately consider the transmission and
reflection by taking the limits z →∓ ∞ for transmission
and for reflection coefficients, respectively. We compute
them by the first order term in the Born approximation to
(53). With our boundary conditions, after some straightfor-
ward algebra, using z →∓ ∞, jz − z0j ¼∓ðz0 − zÞ, this
finally yields

δt� ¼∓ζq
6
e−iωz

Z
∞

−∞
dz0δmw

ðz0Þ;

δr� ¼∓ζq
6
eiωz

Z
∞

−∞
dz0δmw

ðz0Þe−2iωz0 : ð54Þ

The dependence of the integrands on ω is the key issue
here. In the case of the transmission coefficient, the integral
adds to unity, since δmw

ðz0Þ is normalized to unity, and this
occurs for any value of frequency ω in this approximation.
In contrast, the integrand in the reflection integral depends
on frequency explicitly, and the limits ω ≪ mw and ω ≫
mw lead to different results. In the former case, since the
frequency is low, we can ignore the phase factor e−2iωz

0
to

leading order. Thus in this limit, the integral is again unity.
Contrasting it, when ω ≫ mw, the phase term oscillates
rapidly and the integral converges to zero by Riemann-
Lebesgue lemma. We stress that this result is completely
independent of the form of the smearing function δmw

ðzÞ.
Thus we find

δt� ¼∓ζq
6
e−iωz; δr� ¼∓ζq

6
eiωz; ω ≪ mw;

δt� ¼∓ζq
6
e−iωz; δr∓ ¼ 0; ω ≫ mw: ð55Þ

In the high frequencies limit there is no reflection, but
optical activity persists and the transmitted waves retain
their Pancharatnam phases.
This changes when as we approach the cutoff we recover

the frequency dependence of ζ, which we discussed above.
Operationally, our Schrödinger potential came from a wall-
borne dimension-5 operator, which must include a power of
frequency in the numerator, as is evident on the right-hand
side of Eq. (28). For small frequencies the power of ω
brought in by the Chern-Simons terms cancels the power of
ω in the denominator of the outgoing Green’s function
−ieiωjz−z0j=ω, which we used in computing the transmission
amplitude. As a result the phase shift remains a robust
feature for even high frequency modes, effectively enabling
them to probe the field space topology.
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However, Eq. (4) arises as a low energy effective theory,
by integrating out heavy fields with anomalous coupling to
electromagnetism. The parameter ζ must be scale depen-
dent, and when frequencies rise above the cutoff the
effective coupling decreases with ω. Our example in
Eq. (7) entails ζ ≃M2=ω2, which would modify the
leading order Born contribution to t� in the second line
of Eq. (55) to δt� →∓ M2

ω2
ζq
6
e−iωz, suppressing the phase

shift for high frequency electromagnetic waves, and mak-
ing the wall essentially transparent at energies much higher
thanM. While the precise form of dependence of ζ on ω is
detail-dependent, the expected general trend is the same.
This is the situation we envisioned in the earlier papers
[13–15].

V. HIGHER-FORM SYMMETRY, CHERN-SIMONS
DESCENT AND TOPOLOGICAL PROTECTION

Identifying the mechanism of polarization rotation with
the Pancharatnam phase of electromagnetic wave propa-
gation in axion electromagnetism invites a natural inter-
pretation in terms of a mixed higher-form symmetry
structure [21–23] between electromagnetic 1-form sym-
metry and the discrete vacuum structure of the dark sector.
This interpretation emerges by resorting to the Chern-
Simons descent structure of the monodromized axion
coupling to electromagnetism ∝ ΘF ∧ F, where from
Eq. (4)

Θ ¼
 ffiffiffiffi

X
p ϕ

fϕ
þH

!
; ð56Þ

is the monodromized axion field, which may include both
smooth variation (if/when the axion is light) and discrete
jumps (if/when the dual magnetic formH discharges). This
quantity is constant outside of a defect, in regions of the
fixed Θ vacuum. Note that we do not need any background
cosmological time variation of the axion to induce variation
of Θ, but only codimension-1 domain walls that source Θ.
The role of the descent structure is to fix the normalization
of the wall-supported Chern-Simons operator, which in turn
uniquely determines the unitary matching condition for
photon polarization across the interface. The polarization
rotation that we calculate in the EFT is completely fixed by
the normalization of the wall Chern-Simons theory. It is
therefore a symmetry-protected geometric phase associated
with crossing a defect carrying quantized topological
charge. The symmetry analysis is performed at the level
of the infrared CP-odd effective theory, whose topological
couplings are inherited from anomaly data and are therefore
radiatively stable.
At energies well below the dark sector cutoff M, after

we integrated out dark degrees of freedom, whose masses
would naturally be aroundM, the dark sector can influence
electromagnetism by the CP-odd interaction

SCS¼−
ζ

4!M2

Z
d4xΘðxÞϵμνλσFμνFλσ ¼

ζ

6M2

Z
ΘF∧F;

ð57Þ

where F ¼ 1
2
Fμνdxμ ∧ dxν is the electromagnetic field

strength 2-form. Notice that in this regime, with energies
below the dark sector cutoff, we are also exponentially
below the masses of all real electrically charged particles.
Hence, in the absence of boundary-induced effects, conven-
tional electromagnetism would be trivial without moving
charged sources. The coupling (57) provides precisely such
boundary-induced effects: domain walls support localized
interactions that impose nontrivial matching conditions on
electromagnetic fields across the interface. The term (57) is
not a total derivative once Θ is space dependent. Using
the standard Chern-Simons descent identity, ΘF ∧ F ¼
dðΘA ∧ FÞ − dΘ ∧ A ∧ F. After dropping the total
derivative, the physically relevant contribution is entirely
controlled by gradients of Θ. In regions where Θ is
constant, the interaction is a total derivative and does
not affect local electromagnetic dynamics.
In contrast, on the wall dΘ ¼ ΔΘδwall, regardless of

whether the 1-form δwall is discrete or smooth. This yields a
codimension-1 Chern-Simons interaction,

Swall ¼ −
ζΔΘ
6M2

Z
wall

A ∧ F: ð58Þ

The wall-supported interaction means that the wall is a
charged codimension-1 defect for electromagnetic 1-form
symmetry in the low-energy effective theory, as anticipated
above. Its physical role is to impose a symmetry-con-
strained interface operator whose normalization is fixed by
Chern-Simons descent. The region where dΘ ≠ 0 is the
support of the descent of the topological density F ∧ F
triggered by a discontinuity in Θ.
To make this more specific we define the defect-

supported three-form current

Jð3Þ ≡ dΘ ∧ F; ð59Þ

which is conserved off the wall in our EFT due to dF ¼
d2Θ ¼ 0 away from the defect. From the higher-form
symmetry perspective, Jð3Þ encodes the conserved defect
charge associated with electromagnetic 1-form symmetry
in the presence of domain walls. Since the support of this
current is entirely localized on the wall, it represents a
purely interface degree of freedom. In terms of it we can
rewrite the Chern-Simons interaction as

SCS ¼ −
ζ

6M2

Z
Jð3Þ ∧ A: ð60Þ

Although the scalar Θ is hidden in the wall current Jð3Þ, it is
its variation that turns Jð3Þ on since dΘ ¼ ΔΘδwall implies
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Jð3Þ ¼ ΔΘδwall ∧ F. Thus the coupling of Jð3Þ to A—the
photon incoming from the bulk—completely fixes the
normalization of the wall-supported Chern-Simons oper-
ator. Its value is insensitive to details of bulk physics below
the cutoff M, provided the wall topology is unchanged.
Since the walls separate domains with different values of
the scalar “flux” Θ, defined on the vacuum manifold
labeled by discrete data fnvac;N vacg, the photons crossing
the wall pick up the fixed polarization twist set by
ΔΘ ¼ Q ¼ qM2. Indeed, from the descent perspective,
the wall carries a quantized defect charge,

Qwall ¼
Z

Jð3Þ ¼
Z
Σ3

dΘ ∧ F; ð61Þ

which is invariant under smooth deformations of the wall
and defines a superselection structure in the low-energy
EFT. Local operators cannot change this charge. It can
disappear only when the wall itself is eliminated by
ultraviolet effects. This completely fixes the polarization
rotation which we calculate in the EFT by tying it to the
wall charge in the wall Chern-Simons theory.
Indeed, combining the parameters in the equations, we

see that we can rewrite the coupling (60) as

Swall ¼ −
ζq
6

Z
wall

F ∧ A; ð62Þ

and recognize the coefficient as precisely the Pancharatnam
phase we calculated above. Since F ∧ A is CP odd, the
action will pick up a sign depending on which precise
photon polarization we are describing. If we consider an
incoming linearly polarized wave, this then implies that the
transmitted wave will have its polarization rotated by the
angle controlled by the coefficient in (58).
The wall Chern-Simons term should be understood as

defining a localized interface operator rather than as
contributing to phase accumulation along the photon
trajectory. Because the interaction is supported on a
codimension-1 surface and is bilinear in the electromag-
netic field, its variation does not generate a force or
potential, but instead imposes matching conditions that
relate the electromagnetic fields on the two sides of the
wall. Crossing the interface therefore implements a finite
canonical transformation of the transverse electromagnetic
degrees of freedom, mapping incoming polarization states
to outgoing ones by a fixed linear operator whose nor-
malization is fixed by the Chern-Simons descent structure.
This is easily made explicit in the planar wall approxi-

mation, which we discussed earlier. The wall action (62)
adds a δ-function contribution to the second-order wave
equation for the transverse modes, which we repeat here,

ð∂2z þ ω2ÞA⃗⊥ ¼ ζq
3
ωδðzÞσ2A⃗⊥; ð63Þ

which enforces continuity of A⃗⊥ across the interface while
inducing a finite jump in its conjugate momentum, and
where σ2 merely takes stock of chirality in a general basis.
Then integrating (63) across an infinitesimal neighborhood
of the wall yields a matching condition of the form valid for
small ϑ,

A⃗⊥ð0−Þ ¼ UwallA⃗⊥ð0þÞ; Uwall ¼ expð−iϑσ2Þ;

ϑ ¼ ζq
6
: ð64Þ

The wall acts as a unitary operator on the 2D polarization
Hilbert space. In the helicity basis, where σ2 is diagonal, the
circular polarization states are eigenstates of Uwall,

Uwallj�i ¼ e∓iϑj�i; ð65Þ

so that each helicity acquires a definite phase upon crossing
the interface, while a linearly polarized state is rotated by an
angle ϑ. This is exactly the approach used in [14,15].
From this perspective, the polarization rotation is not

generated by integrating a connection along the photon
worldline, but arises as the eigenphase of a finite unitary
matching operator localized at the interface. The geometric
phase is extracted from the overlap of incoming and
outgoing polarization states after the action of Uwall,
precisely in the sense of Pancharatnam. The role of the
Chern-Simons descent is to fix the normalization of this
operator, while the emergent 1-form symmetry ensures that
its action is protected from smooth microscopic deforma-
tions of the wall profile.
It is useful to view this mechanism as the relativistic

analog of a thin optical element, such as a wave plate [45].
A wave plate does not induce birefringence through
propagation, but instead applies an instantaneous canonical
transformation that mixes polarization components at a
single location. Likewise, the wall-localized Chern-Simons
interaction implements a polarization-dependent phase
shifter embedded in spacetime, whose observable effect
depends only on the integrated strength of the interface
interaction and not on its microscopic thickness.
It is instructive to contrast this mechanism with the

conventional narrative of axion-induced birefringence. In
axion electrodynamics, polarization rotation arises from
spacetime variation of a light scalar and is commonly
interpreted as the dynamical accumulation of a phase
proportional to

R
ϕ̇dt along the photon trajectory. While

the final effect may appear similar, it is highly sensitive to
the detailed evolution of the axion background and requires
axions lighter than 10−28 eV, which are already constrained
by cosmology, see, e.g., [46,47]. By contrast, in the present
framework the polarization rotation is a symmetry-pro-
tected geometric quantity in the low-energy EFT, fixed by
the quantized normalization of the wall Chern-Simons
operator. The effect is localized at vacuum interfaces,

NEMANJA KALOPER PHYS. REV. D 114, 036028 (2026)

036028-12



frequency-independent below the cutoff, and does not
accumulate continuously with propagation distance, requir-
ing only the existence of distinct vacuum domains sepa-
rated by walls supporting electromagnetic Chern-Simons
interactions [13–15].
A natural question is how such walls arise in the dark

sector and how a coupling between Θ and F ∧ F is
generated. As discussed earlier, this can occur through
integrating out heavy pseudoscalars in ultraviolet comple-
tions of the wall physics. From the viewpoint of higher
forms and symmetries, a simple realization arises if the dark
sector mixes with QCD and electromagnetism through two
axion portals, as in discretely evanescent dark energy
models based on non-Abelian gauge dynamics [13]. At
energies well below all confinement scales, after integrating
out all massive degrees of freedom, neither the dark sector
nor QCD appear as propagating gauge theories. Instead,
each sector admits a dual description in terms of 3-form
gauge fields à la Lüscher [30],

TrðGQCD ∧ GQCDÞ ¼ dCð3Þ
QCD ¼ GQCD;

TrðGdark ∧ GdarkÞ ¼ dCð3Þ
dark ¼ Gdark; ð66Þ

which encode fluctuations of vacuum energy density and θ-
like sectors rather than propagating gluons or dark photons.
The electromagnetic sector remains described by a dynami-
cal 1-form gauge field A with field strength F ¼ dA, while
the axionic sector is captured by pseudoscalar fields ai with
compact shift symmetries arising from ultraviolet anoma-
lies and membrane physics.
Once heavy states charged under both non-Abelian

gauge groups are integrated out, the infrared theory is
no longer a direct product of independent sectors. Instead, it
is constrained by a coupled topological structure that ties
together axion shift symmetries, 3-form gauge symmetries,
and electromagnetic topology. Schematically, the resulting
low-energy theory is described by

LIR ¼ −
1

2
F ∧ �F −

1

48
GQCD ∧ �GQCD −

1

48
Gdark ∧ �Gdark

þ
X2
i¼1

�
1

2
dai ∧ �dai þ ai



ðkiGQCD þ liGdarkÞ

þ 1

8π2
ciF ∧ F

��
: ð67Þ

The mixed topological couplings prevent factorization of
the symmetry structure and enforce compensating
transformations among axions, 3-form gauge fields, and
electromagnetic topology. Gauge invariance of the electro-
magnetic sector under A → Aþ dλ would normally leave
the remaining sectors untouched; however, the mixed
couplings require correlated transformations in the axion
and 3-form sectors. While the 3-forms are invariant under

Cð3Þ
i → Cð3Þ

i þ dΛð2Þ
i and the axions under shift symmetries

ai → ai þ αi, these transformations are twisted once the
mixed anomalies are taken into account,

δCQCD ¼−
X
i

kiαiϒð3Þ; δCdark ¼−
X
i

liαiϒð3Þ; ð68Þ

where ϒð3Þ is a fixed background 3-form encoding the
electromagnetic topological sector through its descent
relation

dϒð3Þ ¼ 1

8π2
F ∧ F: ð69Þ

This constraint expresses the obstruction to factorizing
axion shift symmetries from electromagnetic topology.
As a result, the axion shift symmetry, the QCD and dark
3-form symmetries, and emergent electromagnetic top-
ology combine into a nontrivial higher-group structure,
in which gauge transformations at one level act nontrivially
on higher-form symmetry data at another.

VI. MULTIPLE INTERFACES AND
OBSERVABLE BIREFRINGENCE

An important consequence of the interface picture
developed above concerns the observational structure of
the birefringence signal. Since in principle photons could
encounter multiple vacuum interfaces between the last
scattering surface and the observer, it is natural to ask
whether successive wall crossings accumulate stochasti-
cally, generating a random walk of polarization angles and
a nontrivial angular power spectrum. In the class of theories
considered here, this is not the generic outcome. This
feature is a key observational input of the mechanism
explored here.
To see this, consider a sequence of vacuum transitions

along a given line of sight. Each interface contributes a
polarization rotation,

Δϑi ¼
ζ

6M2
ΔΘi; ΔΘi ¼ Θiþ1 − Θi: ð70Þ

with Θ defined in (56). For emphasis again, we remind the
reader that reversing the direction of wall crossing changes
ΔΘi → −ΔΘi; thus Δϑi → −Δϑi.
The total rotation is therefore

Δϑtot ¼
ζ

6M2

X
i

ΔΘi: ð71Þ

However the sum immediately telescopes,

Δϑtot ¼
ζ

6M2
ðΘobs − ΘemitÞ: ð72Þ
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Thus all intermediate wall crossings cancel out. The point
is, the intermediate steps are completely irrelevant except
for the single purpose of mediating a transition from Θemit
to Θobs. A sequence of intermediate states must exist to
realize the initial and final vacuum values. Conversely, if
Θemit and Θobs correspond to vacua of the theory, then there
exists a sequence of transitions connecting them. Further,
when there are finitely many possible values, which support
fast bubble nucleations with Γ ∼H4

0 as proposed in [13–15]
the initial value Θemit will naturally evolve to the value Θobs
at a later time, completing the sequence.
Therefore the observable rotation for light coming from

any direction depends only on the vacuum at emission and
the vacuum at observation. It is completely independent of
the number of crossings, the geometry of the wall network,
the ordering of intermediate vacua, and the detailed history
of the walls. Hence Eq. (72) immediately implies that
vacuum-interface birefringence is not a random-walk
phenomenon. Additional wall crossings do not increase
the magnitude of the signal. Likewise the effect does
not accumulate with propagation distance. The observable
is controlled by endpoint data rather than by the path
connecting them.
Note also that an observable signal does not require a

domain wall to be present today. It is sufficient that the
vacuum at emission differ from the vacuum at obser-
vation. Once a photon has crossed the relevant inter-
faces, the resulting phase shift is permanently imprinted
in its polarization state. The walls responsible for the
transition may subsequently disappear without erasing
the signal. Thus the observable birefringence arises
because the vacuum on the last scattering surface differs
from the vacuum today. The observations therefore
probe vacuum history rather than the current abundance
of domain walls.
These results acquire a particularly simple cosmological

interpretation in the class of scenarios that motivated this
work. In our case, first of all, in the absence of walls Θ is a
fixed, rigid parameter. When we further take that

(i) the entire observable universe originated from a
single inflationary patch, with a single vacuum;

(ii) the vacuum structure of the low-energy theory is
labeled by a vacuum parameter Θ;

(iii) prior to a dark-sector phase transition the vacua were
degenerate, as is the case in generic QCD-like
theories; and

(iv) either no axion exists in the relevant low-energy
theory or any axion associated with the vacuum
structure is sufficiently heavy that it can be inte-
grated out and so does not fluctuate.

We further suppose that vacuum transitions begin only
after last scattering and terminate before the present
epoch, if they are to affect the CMB. Then all CMB
photons originate in the same vacuum on the last
scattering surface, which we denote by ΘLSS, while all

observers today reside in a common final vacuum Θ0. In
this case Eq. (72) reduces to

Δϑðn̂Þ ¼ ζ

6M2
ðΘ0 − ΘLSSÞ ð73Þ

for every direction n̂ on the sky. The generic prediction is
therefore an isotropic birefringence signal. The leading
observable is a pure monopole rotation of the CMB
polarization pattern. Although many vacuum interfaces
may have existed between last scattering and the present
epoch, their individual contributions cancel, leaving only
the mismatch between the initial and final vacua.
In the simplest two-vacuum realization which we

focused on for the most part here and in [13–15], Θobs −
Θemit is the same for every line of sight. Hence the net
crossing number is identical in all directions and the
resulting birefringence is spatially uniform. The same
conclusion holds if there are multiple vacua. The detailed
arrangement of intermediate walls is irrelevant.
Indeed, this follows from an even simpler topological

argument, simplifying the argument above for the case
when there are only two vacua, and the phase transition rate
is fast allowing the presence of many bubbles along the
way. Since the initial vacuum is the same in any direction,
and there are no axionic cosmic strings because axion is too
heavy, the total result in acquisition of phase is independent
of path and only depends on end points. The formal way to
state this is that the Berry holonomy vanishes identically, as
discussed earlier. But not the Pancharatnam phase, which
accumulates from interface crossings with one sign coming
into the bubble and the other sign coming out. Since the net
crossing number, Nþ − N−, must equal the vacuum mis-
match between emission and observation, and since in the
present two-vacuum realization this mismatch is unity, we
have

Nþ − N− ¼ 1; ð74Þ

the total accumulated phase is exactly the same along every
line of sight.
This prediction differs qualitatively from scenarios

involving additional light dynamical degrees of freedom.
Ultralight axions, axionic field fluctuations, string-wall
systems, incomplete inflationary preparation, vacuum
structures intersecting the last scattering surface, or other
sources of nontrivial topology may all generate anisotropic
birefringence and nontrivial angular power spectra. Such
effects arise from additional dynamical ingredients beyond
the minimal interface mechanism considered here.
Within the framework studied in this work, the leading

prediction is not a microscopically induced random rotation
field generated by accumulated wall crossings, but a
uniform polarization rotation determined solely by the
vacuum mismatch between emission and observation. A
more detailed study of the precise implications for the
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observables to be probed by future searches is currently
under investigation and will be presented elsewhere.

VII. SUMMARY

Recent claims of weak optical activity in the cosmic
microwave background [1], at the level

Δϑ ∼ 10−3radians; ð75Þ

motivate a careful reassessment of possible sources of
cosmic birefringence. While common approaches to this
phenomenon invoke ultralight fields that vary slowly over
cosmological times, other attractive explanations are viable.
Effects of this magnitude can naturally arise from electro-
magnetic interactions with vacuum interfaces in the dark
sector, without the need for ultralight fields beyond
electromagnetism itself. A recently proposed example
involves evanescent dark-energy domain walls carrying a
Chern-Simons coupling of order ζQ=ð6M2Þ ∼ few × 10−3

[13–15]. The magnitude of this coupling can be naturally of
the order of the anomaly-induced Chern–Simons cou-
plings, ∼αQED=2π when there are kinetic top-form mixings
between the visible and dark sectors, and there are heavy
charged states that are integrated out. Therefore our
approach does not require introducing ultralight scales
beyond those already present in the dark sector.
To elucidate the physics of this phenomenon, in this

work we developed a unified quantum-mechanical descrip-
tion of photon propagation that applies both to thick axion
domain walls and to sharp interfaces generated by mem-
brane-induced jumps of a vacuum angle. In all cases, the
essential criterion for polarization rotation is whether a
photon crosses a boundary separating distinct vacua.
Photons propagating entirely within a single vacuum region
experience no rotation. When a boundary is crossed, the
magnitude of the effect depends only on the discrete change
of the vacuum parameter across the interface and is
independent of the detailed wall profile.
Formulating photon propagation as a one-dimensional

scattering problem makes the origin of this behavior trans-
parent. The wall-localized Chern–Simons interaction intro-
duces a factor of the photon frequency, while the outgoing
Green function contributes a compensating inverse power.
Their cancellation ensures that the net effect of the interface
is a pure phase shift, independent of photon wavelength
below a physical ultraviolet cutoff. This provides a dynami-
cal explanation for the frequency-independent polarization
rotation found in the effective theory.
The resulting polarization rotation is completely fixed by

the normalization of the wall Chern-Simons operator and is
therefore protected by an emergent higher-form symmetry
of the low-energy effective theory. As a consequence, the
effect is localized at vacuum interfaces, robust against
smooth deformations of the wall, and insensitive to micro-
scopic details as long as the effective description remains

valid. For extremely thin domain walls, the rotation does
not accumulate continuously with distance or redshift, but
instead appears discretely when vacuum transitions are
encountered.
This sharply distinguishes the present mechanism from

conventional axion birefringence. In axion electrodynam-
ics, polarization rotation is a dynamical effect controlled by
a broken 0-form symmetry and depends on the spacetime
evolution of a light scalar, requiring ultralight axions with
masses around or below about 10−28 eV and a detailed
cosmological history. By contrast, the effect described here
persists even when all light axionic degrees of freedom are
absent and does not rely on background time evolution.
Several further aspects of this mechanism merit empha-

sis. Because the polarization rotation is induced by vacuum
interfaces rather than accumulated dynamically over cos-
mological timescales, it does not require ultralight axions to
be operative throughout cosmic history. The adiabatic
regime for phase rotation requires only that the photon
frequency exceed the axion mass. Consequently, adiabatic
transport of CMB polarization is compatible with axion
masses far above the Hubble scale today, provided they
remain below CMB frequencies. Even an axion with a mass
as large as mϕ ∼ 10−4 eV could adiabatically rotate CMB
polarization if supported by a domain wall, a regime often
overlooked in astrophysical discussions. The walls that can
do this would be thick compared to the ultrathin walls that
induce the Pancharatman phase, at last about a millimeter
across. Nonetheless, such solitonic axion configurations
would still appear extremely thin compared to the vast
regions typically associated with ultralight fields.
These considerations highlight that the key physical

requirement for polarization rotation is not the long-term
persistence of light degrees of freedom, but the existence of
vacuum interfaces encountered by CMB photons along
their line of sight. Once the effect is understood as induced
by, or literally localized at, such interfaces, questions about
the subsequent cosmological evolution of the walls become
largely decoupled from the polarization imprint itself.
While the existence of domain walls must of course be
consistent with other cosmological tests and bounds, such
as whether they can be produced, survive till late times, and
so on, such considerations constrain the viability of specific
wall scenarios rather than the mechanism of polarization
rotation.
Moreover, the domain walls responsible for the polari-

zation twist need not persist to the present epoch. If vacuum
interfaces nucleated copiously after the last scattering
surface and subsequently disappeared, as is natural in some
early dark energy-like scenarios [13], the resulting polari-
zation rotation would nevertheless be imprinted on the
CMB from every direction of the sky. To reach observers
residing in the final vacuum, all CMB photons must have
crossed at least some walls along their trajectory. Walls that
are present but decay prior to last scattering, or grow out of
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the horizon are irrelevant for this signal, since the CMB
photons did not originate before that epoch.
The symmetry structure of the infrared theory is most

consistently understood not as a collection of unrelated
symmetries that appear or disappear across scales, but as a
single intertwined symmetry framework whose realization
depends on the light field content. In the ultraviolet
completion, the theory possesses the usual gauge sym-
metries of electromagnetism, the shift symmetry of the
axion sector, and the emergent gauge invariance of the dual
3-form fields associated with the dark sector. After inte-
grating out heavy degrees of freedom, these symmetries are
not lost or independently generated in the infrared; instead,
they become linked in a way that ties their transformations
together through the electromagnetic topological structure.
In this picture, the electromagnetic 1-form symmetry, the

axion shift symmetry, and the dual 3-form gauge sym-
metries are not independent in the low-energy theory.
Rather, they are different aspects of a single combined
symmetry structure in which transformations in one sector
necessarily induce correlated transformations in the others.
The key ingredient that enforces this linkage is the
electromagnetic topological density, encoded through the
relation dϒð3Þ ¼ 1

8π2
F ∧ F. This relation fixes how electro-

magnetic topology enters the consistency conditions of the
low-energy theory and prevents the symmetry transforma-
tions from factorizing into independent pieces.
From this perspective, the appropriate description is

that the theory possesses a single underlying symmetry
structure whose different aspects become more or less
explicit depending on which degrees of freedom are

retained in the effective description. At the level of fields,
this structure is realized through modified gauge trans-
formations in which shifts of the axion field and the
3-form potentials must be accompanied by compensating
contributions proportional to the electromagnetic topo-
logical sector. The resulting infrared theory therefore does
not admit a clean separation between the different sym-
metry sectors: electromagnetic topology acts as the
organizing constraint that ties them together into a single
consistent framework.
While cosmology has long searched for signatures of

nontrivial topology of spacetime itself, the results presented
here suggest that observations may also be sensitive to the
topology of “inner space” encoded in the vacuum structure
of the dark sector. It is intriguing that a phenomenon of
interface-localized polarization rotation familiar from opti-
cal activity in condensed matter systems may have a
counterpart in the dark sector of the universe, potentially
imprinted on the sky and accessible to future polarization
measurements.
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