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Abstract: The recent analysis of the Planck 2018 polarization data shows a nonzero
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then explore the question of whether the nonzero ICB is interpreted by the framework of

the Standard Model Effective Field Theory (SMEFT), or at the energy scales of the cosmic

microwave background, the low-energy EFT (LEFT) whose dynamical degrees of freedom

are five SM quarks and all neutral and charged leptons. Our systematic study reveals

that any operator in the EFT on a cosmological background would not give the reported

ICB angle, which is observationally consistent with frequency independence. In particular,

we estimate the size of the ICB angle generated by the effect that the cosmic microwave

background photons travel through the medium of the cosmic neutrino background with

parity-violating neutrino-photon interactions and find that it would be too small to explain

the data. If the reported ICB angle should be confirmed, then our result would indicate the

existence of a new particle that is lighter than the electroweak scale and feebly interacting

with the SM particles.
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1 Introduction

Precision measurements of the cosmic microwave background (CMB) radiation play a cen-

tral role in modern cosmology and enable us to deepen our understanding of the fundamen-

tal laws of nature. The Universe looked through the eyes of the WMAP and Planck satel-

lites is well-fitted by the Λ Cold Dark Matter (ΛCDM) model [1–4] which has long become

a cornerstone of the standard cosmology. However, the recent analysis of CMB polariza-

tion data has measured a parity-violating signal [5–9], called cosmic birefringence [10–12],

which may show us a hint of new physics beyond the ΛCDM paradigm.

Cosmic birefringence is a phenomenon that rotates the plane of linear polarization

of the CMB photons. Its overall rotation angle from the last scattering surface to the

present, called isotropic cosmic birefringence (ICB) angle and hereafter denoted by β,

has been probed in the past CMB measurements [13–16]. However, the uncertainty of

systematic error from the instrumental miscalibration of the polarization angle has strongly

limited the determination of β. To overcome this issue, the method relying on the polarized

Galactic foreground emission to extract the intrinsic effect on β has been developed [17–19],

and ref. [5] has recently reported a nonzero ICB angle of β = 0.35◦ ± 0.14◦ (2.4σ) at

the 68% confidence level for nearly full-sky Planck polarization data. The precision of

β has been improved and the latest joint analysis of Planck/WMAP data has reported

β = 0.34◦ ± 0.09◦ (3.6σ) [8]. Moreover, the measured β is consistent with frequency
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independence and does not favor a possibility of Faraday rotation effect caused by the

local magnetic field [7]. Although the contribution to a systematic error in the ICB angle

from Galactic foregrounds is not yet well understood [20, 21], we could avoid this problem

by developing the method that does not rely on the foreground contribution but reduces the

impact of the miscalibration angle in the upcoming CMB observations [22, 23] (see ref. [24]

for a detailed review). Therefore, we can expect a solid confirmation of the nonzero ICB

angle in the near future, and it is timely to explore its origin.

The measured ICB can be caused when the CMB photons pass through a cosmological

background of a pseudoscalar field ϕ that is weakly coupled to the photon through a Chern-

Simons (CS) term ϕFµνF̃
µν , where F and F̃ respectively denote the electromagnetic tensor

and its dual [25, 26]. A prevailing candidate of the pseudoscalar field ϕ has been provided

by an axion-like particle (ALP), and a possibility that photon’s birefringence is caused

by a cosmic background of the ALP constituting dark energy or dark matter has been

developed [27–34]. Then, after the measurement of the nonzero ICB has been reported,

most of the previous studies have focused on the implications for the ALP [35–52]. However,

to explain the reported ICB, the ALP mass should be extremely light [35]. The existence

of such an ultra-light ALP has significant implications for physics beyond the Standard

Model (SM), e.g., ruling out simple Grand Unified models [53]. Then, one would wonder

whether there are other possibilities to generate the ICB or not. In the present paper, as

a step to identify new physics behind the reported nonzero ICB, we explicitly show that

it requires at least a new light particle other than the SM particles under the standard

cosmological evolution.

When a new light particle is absent, an operator that induces the ICB should be written

only in terms of the SM fields. Then, the SM effective field theory (SMEFT) and low-energy

effective field theory (LEFT) provide a powerful tool to systematically list up all such oper-

ators in the SM and its extensions. The SMEFT includes all operators of the SM fields that

respect the gauge symmetry SU(3)C×SU(2)L×U(1)Y . This framework includes any possi-

ble explanations of the ICB with the SM fields known in the literature including scatterings

between photons and fermions [54]. As we will see, it is also convenient to introduce the

so-called LEFT, the EFT below the electroweak breaking scale. In the LEFT, we assume

that there are no new particles (other than possible light sterile neutrinos) around or below

the electroweak scale and the interactions respect the gauge symmetry SU(3)C×U(1)EM.

We report the following two results: (i) only a CS-type effective operator, ÕFµνF̃µν

with a Lorentz-scalar operator Õ, is able to induce the frequency-independent ICB in our

Universe, and (ii) none of the CS-type effective operators in the SMEFT/LEFT leads to

the desired ICB angle. We note that the operator ÕFµνF̃µν is distinguished from JµAνF̃
µν

with a vector current Jµ. It has been reported that the effective operator JµAνF̃
µν for

the neutrino current appears via the loop interactions between photon and neutrino, and

leading to the photon’s birefringence [55–60]. However, the operator JµAνF̃
µν for the

neutrino current is not solely gauge invariant under U(1)EM and hence does not appear

within SMEFT/LEFT.1 In the study of cosmic birefringence by this operator, a couple

1This claim would not be true when a photon has an effective mass in a plasma or two lepton loop

diagrams are considered. However, this effect usually gives rise to a very tiny birefringence angle [59] or

frequency-dependent birefringence angle [58].
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of scenarios beyond SMEFT/LEFT have been developed to get a sizable amount of ICB

angle [61–63]. Therefore, if the data should be confirmed, our results would then indicate

the breakdown of the SMEFT/LEFT and thus the existence of a new particle lighter than

the electroweak scale.

The rest of the paper is organized as follows. Section 2 shows that only CS-type op-

erators are relevant to the generation of the frequency-independent ICB. In section 3, we

list up all the possible CS-type operators in the SMEFT/LEFT. Then, section 4 discusses

whether the listed CS-type operators can induce the reported nonzero ICB with the corre-

sponding cosmological backgrounds. In section 5, we extend our arguments to narrow down

possible new particles that can explain the reported nonzero ICB. Section 6 is devoted to

conclusions. Some calculational details are summarized in appendices.

2 Operators relevant to ICB

Let us first show that interactions relevant to the frequency-independent ICB are only given

by CS-type operators. The ICB requires an effective parity-violating operator quadratic

in the photon field Aµ because it is caused by a difference between the phase velocities

of the left- and right-handed photons. In the vacuum, due to the Lorentz and U(1)EM
symmetries, the effective quadratic action of the photon field Aµ is only described by the

operator,

FµνF
µν , (2.1)

with the field-strength tensor Fµν ≡ ∇µAν −∇νAµ. The parity-violating CS operator,

FµνF̃
µν ; F̃µν ≡ ϵµναβFαβ/2 , (2.2)

is a total-derivative term, when entering in the action with a constant coefficient, and thus

does not contribute to the local action. Note that ϵµνρσ = ηµνρσ/
√
−g, where we choose

the convention that the flat-space Levi-Civita symbol takes η0123 = 1. Since there is no

parity-violating term in the action, the ICB is not generated in the vacuum: it requires a

medium.

The isotropy of the measured rotation angle indicates that the medium is homoge-

neous over the Universe2 and thus made up of stable matter with a cosmological back-

ground. Moreover, the charged components can be excluded from our considerations. The

stable charged SM particles are only electrons and protons. Their contributions are negli-

gible compared to the neutral ones because the cosmological backgrounds of electrons and

protons are suppressed by the small baryon-to-photon ratio. Therefore, we can assume

that the medium is homogeneous and neutral. Under the standard cosmological evolution,

the candidate matter that constitutes the medium is limited to the following: the Higgs

2If the medium is inhomogeneous, the birefringence angle has random contributions from different co-

herent patches of the medium along each line of sight. It would be very rare that the birefringence angles

for different directions coincide with each other.
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vacuum expectation value (VEV), the quark pair/gluon condensates, the cosmic neutrino

background (CνB), and the cosmological magnetic field.3

The presence of a cosmological background can break some symmetries in the effec-

tive quadratic action of the photon field and allow operators other than FµνF
µν when the

fields are expanded around the background. From the neutrality of the background, the

effective action should respect the U(1)EM symmetry. Let us also assume that the back-

ground respects the cosmological principle: the universe looks homogeneous and isotropic

in the CMB rest frame. This is valid except for the cosmological magnetic field among

the candidates. Then, in the CMB rest frame, the effective action should have spatial

invariance. From the gauge and spatial invariance, the effective quadratic action should

have the following operators:

cEE |E|2 + cBB|B|2 + cEBE ·B , (2.3)

and operators with derivative(s) on E and B, where the coefficients are functions of the

cosmic time tc. Here, the electric field E and the magnetic field B are defined in the

CMB rest frame. The functions cEE and cBB correspond to an electric permittivity and

a magnetic permeability, which deviate from those in the vacuum due to the presence

of the cosmological medium. Now, we also have the parity-violating term E · B in the

action. Since the coefficient cEB is a function of the cosmic time tc, it is not reduced

to the total derivative term. In appendices A and B, we show that the operator E · B
actually induces the ICB. The operators with the derivative(s) give a frequency-dependent

ICB angle, which is inconsistent with observations [7]. Therefore, we do not consider them

further. This argument indicates that any operator relevant to the reported ICB should

be reduced to the E ·B term in a cosmological background.

It has not been proved yet that only the CS-type operator leads to the frequency-

independent ICB. There might be operators other than FµνF̃
µν that reduce to E ·B in a

cosmological background. First, we consider parity-violating operators of the form,

JαβµνF
αβF̃µν , (2.4)

where Jαβµν is a tensor with even parity written in terms of the metric and matter fields.

From the cosmological principle, the cosmological background of Jαβµν should be written

in terms of the metric gµν and the unit four-vector uµ ∝ ∇µtc for the cosmic time tc
because only these two tensors are parity-even and invariant under the spatial rotation

in the CMB rest frame where uµ ∝ δ0µ. If Jαβµν does not contain gµν , Jαβµν should be

proportional to uαuβuµuν and the operator (2.4) vanishes. Therefore, Jαβµν should have

the following form,

Jαβµν =
1

4
(gαµJβν + gβνJαµ − gβµJαν − gανJβµ) , (2.5)

3We shall omit gravitational effects on ICB in the following considerations. Beyond minimal couplings

between gauge fields and gravity, it has been shown that there exists a unique non-minimal coupling without

pathology of the form R̃µνρσF
µν F̃ ρσ, where R̃µνρσ is the dual of the Riemann tensor [64]. Not only is the

curvature tensor of the order of H2 (H: Hubble parameter) on the cosmological background, but this term

does not break parity, thus no contribution to ICB.
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and the operator (2.4) reduces to

JαβF
αµF̃ βµ , (2.6)

in the cosmological background. We can show that this operator is rewritten in the CS

form using the identity [65],

FαµF̃
βµ =

δβα
4
FµνF̃

µν . (2.7)

In terms of Jαβµν , the resultant CS-type operator is given by

ÕFµνF̃µν ; Õ =
Jµ

µ

4
=
Jαβ

αβ

6
. (2.8)

Therefore, it would be enough to study the CS-type operators for the Lorentz scalar Õ =

Jαβ
αβ/6.

Another possibility is

JµK
µ ; Kµ ≡ 2AνF̃

µν , (2.9)

for the CS current Kµ (∇µK
µ = FµνF̃

µν) and a matter field Jµ. This operator is reduced

to cEBE ·B with ċEB = J0/4. However, it does not respect U(1)EM in general. To achieve

the invariance under the gauge transformation Aµ → Aµ + ∇µα, the current Jµ should

identically satisfy the integrability condition ∇[µJν] = 0, i.e., Jµ = ∇µÕ for a Lorentz

scalar Õ. Then, JµK
µ can be rewritten in the CS form ÕFµνF̃µν with a partial integration.

Note that JµK
µ can be embedded into the gauge invariant operator

ψ̄γµDνψF̃
µν , (2.10)

with Jµ = ψ̄γµψ for a fermion field ψ and Dµ its covariant derivative. However, the fermion

field should be electrically charged and this option is excluded from the neutrality of the

background. In general, to get the interaction (2.9), our model should contain a field

playing the role of a Stueckelberg field or Nambu-Goldstone (NG) field such as the phase

of an electrically-charged field in the interaction (2.10). It has been shown in [61–63] that

the interaction (2.9) can induce a sizable amount of cosmic birefringence with employing

a two-form field as a Stueckelberg field. In our setup, a candidate for a Stueckelberg field

or NG field is absent for Aµ. Therefore, we do not need to consider the interaction (2.9)

(see also the discussion in section 5).

Finally, we consider an operator in the form

JµνF
µν . (2.11)

This operator vanishes when we replace the matter field Jµν by the cosmological back-

ground, which should be written in terms of gµν and uµ. However, it can affect the

propagation of CMB photons when their backreaction to the cosmological background is

taken into account. Schematically, we can write the backreaction term as

δJµν = K̂µναβF
αβ , (2.12)

– 5 –



J
H
E
P
0
1
(
2
0
2
4
)
0
5
7

by separating Jµν into the background and the deviation induced by a propagating pho-

ton, δJµν . Here, the response function K̂µναβ is a non-local operator in general. Then,

substituting eq. (2.12) to JµνF
µν , we obtain the effective operator

FµνK̂µναβF
αβ . (2.13)

If the response function K̂µναβ has a component

K̂µναβ ⊃ Ôϵϵµναβ/2 , (2.14)

the operator (2.13) results in an operator

FµνÔϵF̃
µν . (2.15)

In general, Ôϵ is a non-local operator and thus the operator (2.15) induces a frequency-

dependent ICB angle. In appendix C, we will show that the resultant ICB angle actually

depends on the frequency in the framework of SMEFT/LEFT. Therefore, we do not need

to consider the interaction (2.11).4

The above discussion is not applied in the presence of a cosmological magnetic field

B̄ because it breaks the isotropy to the axial symmetry along the direction. As we have

done in the isotropic case of eq. (2.3), it is convenient to work in the CMB rest frame with

uµ ∝ δµ0 to write down the most general operators. Here, the homogeneity requires that |B̄|
should be a function of the cosmic time tc. Then, the kinetic action is given by quadratic

terms in the propagating photon fields, E∥, E⊥, B∥ and B⊥, where the subscripts ∥ and ⊥
respectively denote the components parallel and orthogonal to the background magnetic

field. Since the background magnetic field is an axial vector, the parallel and orthogonal

components respectively have the opposite and same parity as the original vector. Thus,

the kinetic action consists of the parity-violating operators

E∥ ·B∥ , E⊥ ·B⊥ , (2.16)

as well as the parity-conserving operators

E∥ ·E∥ , E⊥ ·E⊥ , B∥ ·B∥ , B⊥ ·B⊥ . (2.17)

The latter parity-conserving terms can be interpreted as that permittivity and permeability

tensors become non-diagonal due to the anisotropic medium. As for the parity-violating

terms, in addition to the CS form FµνF̃
µν ∝ E · B, new independent parity-violating

operators E∥ ·B∥ can appear (an E⊥ ·B⊥ term can be rewritten in terms of FµνF̃
µν and E∥ ·

B∥). As we will give proof in appendix B, this new operator generates the anisotropic cosmic

birefringence (ACB).5 It should be also noted that the parity-conserving operators (2.17)

can cause a cosmic birefringence in the anisotropic background because the cosmological

4Ref. [66] has developed a model of dipole interaction between CMB photon and dark matter and has

also shown that it is hard to explain the observed ICB angle.
5ACB can be a cosmological probe of new physics and a target of future CMB experiments. See, e.g.,

refs. [67, 68].
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magnetic field B̄ can modify the dispersion relations for the polarization modes parallel

and orthogonal to B̄. However, as expected from the fact that the modification depends on

the relative angle of the propagating direction with B̄, the resultant cosmic birefringence

is anisotropic (see ref. [69]). Moreover, it depends on the frequency, which is not consistent

with the report in ref. [7]. Therefore, we conclude that only the CS-type operators ÕFµνF̃µν

can generate the reported frequency-independent ICB.

3 CS-type operators in SMEFT/LEFT

We now list up CS-type operators in the SMEFT or LEFT,

LCS =
α

8π

∑
a

Õa

Λna
FµνF̃

µν , (3.1)

where the subscript a denotes the operator species, Λa is some mass scale and the power

n is given by the dimension of the operator Õa. We have factored out the electromagnetic

constant α/(8π) as a convention. As shown in the previous section, any particle processes

that might lead to the ICB should be described by eq. (3.1) as an effective Lagrangian. We

henceforth list possible Õa of each dimension in the SMEFT/LEFT.

Dimension 2. Let us first write down effective operators Õa of dimension 2. In the

SMEFT, the operators Õa should be Lorentz scalars and singlets of the SM symmetry

SU(3)C × SU(2)L ×U(1)Y . Their building blocks are the Higgs field H (dimension 1), the

covariant derivative D (dimension 1), the SM fermion ψ (dimension 3/2), and the SM gauge

field strength tensor X (dimension 2). Due to the Lorentz symmetry, the only possibilities

of the dimension-two operators Õa are thus two classes, H2 and D2. All independent

operators of those classes have been listed in ref. [70]. The operators Õa are exhausted by

ÕH ≡ H†H. Therefore, the dimension-two CS-type operator is given by

α

8π

H†H

Λ2
H

FµνF̃
µν . (3.2)

Dimension 3. We next write down effective operators Õa of dimension 3. The Lorentz

symmetry restricts the candidates to three classes such as H3, HD2 and ψ2. However,

the SU(2)L symmetry requires that the operators should contain an even number of H.

This rules out all bosonic candidates. Since there is no hypercharge singlet of the SM

fermion bilinear ψ2, we can conclude that the SMEFT does not contain dimension-three

CS-type operators [71]. However, the operators of the ψ2 type can arise in the LEFT

respecting SU(3)C ×U(1)EM. It has been shown in ref. [72] that the CS-type operators of

the ψ2 type are generated by loop effects. In the LEFT, there are four-fermion interactions

(ψ̄Γψ)(ψ̄cΓψc) (Γ = 1, γµ, σµν) with charged particles ψc. Among them, the scalar-type

interaction (ψ̄ψ)(ψ̄cψc) generates the CS-type operators. The Lagrangian (3.1) is thus

given by ∑
ψ=e,ν,d,u

α

8π

Õψ

Λ3
ψ

FµνF̃
µν , (3.3)
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for three generations of charged leptons ei (i = 1, 2, 3), neutrinos νi and down-type quarks

di, and two generations of up-type quarks ui. Here, when the neutrinos are assumed to

be Dirac fermions, the dimension-3 operators Õa are composed of the following fermion

bilinears,

Õe ≡ C̃ije ēiPLej + h.c. , (3.4a)

Õν ≡ C̃ijν ν̄iPLνj + h.c. , (3.4b)

Õd ≡ C̃ijd d̄
iPLd

j + h.c. , (3.4c)

Õu ≡ C̃iju ūiPLuj + h.c. , (3.4d)

where C̃e,ν,d,u denote dimensionless coupling matrices, f̄ ≡ f †γ0 and PL ≡ (1 − γ5)/2.

For Majorana neutrinos, we can define the similar operator Õν but an extra factor of 1/2

should be included for i = j. In this case, the operator violates the lepton number by two

units. When the interaction (3.3) is matched to the SMEFT, the energy scale Λψ is related

to a characteristic energy scale in the SMEFT, ΛSMEFT, as [72]

1

Λ3
ψ

∼ v

4πmc

1

Λ3
SMEFT

, (3.5)

with the Higgs vacuum expectation value (VEV) v and the mass mc of a charged particle

in the loop.

The vector-type interaction (ψ̄γµψ)(ψ̄cγ
µψc) such as the Fermi’s interactions in the

SM does not generate a CS-type operator. Instead, it could only generate an operator in

the form:

(ψ̄γµψ)K
µ ; Kµ ≡ AνF̃

µν , (3.6)

because of its tensor structure. As noted below eq. (2.9), the operator (3.6) is not invariant

under U(1)EM unless ψ̄γµψ = ∇µÕ for a Lorentz scalar Õ. However, this is not the case

because the current ψ̄γµψ has the transverse components. Therefore, we conclude that the

operator (3.6) is forbidden by U(1)EM (see also ref. [73]).

Dimension 4. The operators such as H4 and Hψ2 in the SM Lagrangian can appear in

effective operators Õa of dimension 4. However, they are composed of the building blocks

that have already appeared in the dimension-two/three operators. Then, we only consider

novel candidates, ∑
X=F,Z,W,G

α

8π

(
XαβX

αβ

Λ4
X

+
XαβX̃

αβ

Λ4
X̃

)
FµνF̃

µν , (3.7)

where X, X̃ denote a field-strength tensor and its dual, and Z,W,G are the Z,W bosons

and gluon, respectively. On the CMB scale TLSS ∼ 0.3 eV, these types of operator with

Xµν = Fµν emerge from the electron loop [74, 75]:

LEH ⊃ 7α2

360m4
e

(
FµνF̃

µν
)2

, (3.8)

with the electron mass me. This interaction is known as the Euler-Heisenberg Lagrangian,

which is one example of non-linear electrodynamics.
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Dimension n (> 4). Much higher dimensional operators Õa do not contain new building

blocks and will give subdominant effects. Therefore, we do not consider such operators any

further.

4 Isotropic cosmic birefringence

Let us discuss whether the listed CS-type operator of each dimension is able to induce the

reported nonzero ICB with the corresponding cosmological background. The Lagrangian

of interest is given by

LA = −1

4
FµνF

µν − 1

4
ÕFµνF̃µν . (4.1)

On a cosmological background ϕÕ ≡ ⟨Õ⟩, the CS-type operator ÕFµνF̃µν/4 reduces to

−ϕÕE ·B. Then, the induced ICB angle β is estimated as (see appendix A for the deriva-

tion) [24]

β =
1

2

∫ t0

tLSS

dt
∂ϕÕ
∂t

=
1

2

[
ϕÕ(t0)− ϕÕ(tLSS)

]
, (4.2)

where t0, tLSS denote the present time and the time at the last scattering surface (LSS),

respectively. Note that there can be the terms, cEE |E|2 and cBB|B|2 with time-dependent

coefficients in the SMEFT/LEFT. We assume that the time dependence of these terms

is tuned to be small not to contradict the constraints on the time variation of the fine

structure constant [76].

Dimension 2. First, we discuss the CS-type operator (3.2),

α

8π

H†H

Λ2
H

FµνF̃
µν . (4.3)

After the electroweak phase transition, the Higgs field gets a VEV v. We can neglect ex-

citations from the vacuum because they are unstable and decay quickly. In the standard

scenario, the VEV neither contributes to the ICB because it leads to the CS-type operator

with a time-independent coefficient. If the VEV v depended on the time, it could induce the

ICB. However, it would simultaneously induce the time variation of the electron mass me

from the LSS to today, which is constrained to be ∆me/me = (4±11)×10−3(68% C.L.) [76].

This means that the time variation of the VEV is at most a few percent of the electroweak

scale. On the other hand, ΛH should be larger than the TeV scale from collider con-

straints [77]. Therefore, we conclude that the operator (3.2) cannot explain the reported

nonzero ICB.

Dimension 3. We next discuss whether each term of the CS-type operators (3.3),

∑
ψ=e,ν,d,u

α

8π

Õψ

Λ3
ψ

FµνF̃
µν , (4.4)

with the fermion bilinears of eqs. (3.4a), (3.4b), (3.4c), (3.4d), can induce the reported

ICB. The cosmic electron background is excluded because of the neutrality as we discussed
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in section 2. The quark bilinear condensate after the QCD transition neither contributes

to the ICB because the condensate is independent of time and thus the resultant CS term

becomes a total derivative. Therefore, the cosmic neutrino background (CνB) seems to be

the most relevant to the ICB and potentially able to explain the reported angle.

The CνB is predicted to be generated from the thermal bath in the early Universe [78].

In the standard Big-Bang cosmology, its number density is comparable to that of the CMB

photons. While the CνB has not been directly detected yet, its contribution to the radia-

tion density has been detected by the WMAP 5-year observation [79] and later confirmed

via the Planck observation [4]. Hence, the CS-type interaction (3.3) with the neutrino

bilinear (3.4b) may induce the reported ICB during the photon propagation through the

CνB. We can rewrite the neutrino bilinear operator (3.4b) as

Õν =
(C̃†
ν + C̃ν)ij

2
ν̄iνj +

(C̃†
ν − C̃ν)ij

2
ν̄iγ5νj . (4.5)

Since we are now interested in the evolution of the photon field in the presence of the CνB,

the neutrino bilinear operator (4.5) is replaced with its background value that is given

by the expectation value ⟨Õν⟩ with regard to a state of fixed neutrino and anti-neutrino

number densities. As calculated in appendix D, we obtain ⟨ν̄iγ5νj⟩ = 0 and

⟨ν̄iνj⟩ = δijF(t) , (4.6)

F(t) ≡
∫

d3p

(2π)3
mi

Ep

[
ni(p, t) + n̄i(p, t)

]
, (4.7)

where ni, n̄i denote the phase-space number densities of the i-th neutrino and anti-neutrino,

respectively, andmi is the neutrino mass. As noted at the beginning of section 2, we neglect

small effects from the cosmic expansion (as well as those from the spacetime curvature) in

the present calculations. Thus, the function ϕÕ in eq. (4.2) is given by

ϕÕ(t) =
α

4π

tr[(C̃ν + C̃†
ν)F(t)]

Λ3
ν

, (4.8)

and we put an extra factor 1/2 for the case of Majorana neutrinos as noted below eq. (3.4d).

Since ϕÕ redshifts due to the cosmic expansion, we can well approximate the ICB angle as

β ≃ −ϕÕ(tLSS)/2. At the time of the last scattering, the temperature of the Universe is

TLSS ∼ 0.3 eV. Assuming mi ≪ TLSS at the last scattering for some or all of the neutrino

species, we can analytically evaluate F in eq. (4.7),

F(tLSS) ≃ 0.5
mi

TLSS

(
N i + N̄ i

)
, mi ≪ TLSS , (4.9)

where N i and N̄ i are the number densities of the neutrino and anti-neutrino, respectively,

at the LSS. Therefore, we obtain

β ≃ −0.008 ◦ α

137−1

∑
i

mi

TLSS
(C̃ν + C̃†

ν)
iiN

i + N̄ i

Λ3
ν

. (4.10)
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Here, the neutrino number density at the last scattering is estimated to be N
1/3
i =

O(10−10)GeV in the natural unit. The CS-type neutrino interaction is constrained by

various experiments measuring coherent elastic neutrino-nucleus scattering, deep inelastic

neutrino-nucleon scattering and solar neutrino scattering, as well as collider searches [80].

The resulting lower bound on the mass scale Λν ranges from O(10−2)GeV to O(102)GeV.

Then, we find that the ICB angle (4.10) would be much smaller than the observed value.

Dimension 4. Finally, we discuss the CS-type operator (3.7). To see the propagation

of a photon in the cosmological magnetic field, we separate the field strength into the

background and propagating-photon parts Fµν = F
(bg)
µν + F

(p)
µν . When the background

F
(bg)
µν is pure magnetic field, the operators (3.7) give

(F
(bg)
αβ F (p)αβ)(F (bg)

µν F̃ (p)µν) , (F (bg)
µν F̃ (p)µν)2 , (4.11)

as well as the CS-type term

(F
(bg)
αβ F (bg)αβ)(F (p)

µν F̃
(p)µν) , (4.12)

to the quadratic action of the propagating-photon field. Here, their coefficients are of

the same order. The operator (4.12) gives the CS-type term E · B. Meanwhile, the op-

erators (4.11) reduce to E∥ · B∥ in eq. (2.16) and E∥ · E∥ in eq. (2.17). Therefore, the

operators (3.7) inevitably cause unwanted ACB as well as the ICB (see the last paragraph

in section 2).

As for the gauge fields X = Z,W,G, the weak gauge bosons are excluded because they

are unstable and decay quickly. The gluon forms a nonzero condensate and contributes to

the ICB. However, it would be negligibly small because the energy scale of the condensate

is the QCD scale while the scale ΛX is constrained from collider experiments as ΛX ≳
1TeV [81]. It is also notable that there are other operators with the same symmetry, e.g.,

(XαβF
αβ)(XµνF̃

µν), which would induce the ACB and need to be suppressed.

5 Beyond SMEFT/LEFT

We can extend our arguments to narrow down possible new particles that are able to

explain the reported nonzero ICB. Unless a particle is a SM singlet like the ALP, the

leading CS-type operator is given by

α

8π

Φ†Φ

Λ2
FµνF̃

µν (for a scalar Φ) ,

α

8π

χ̄χ

Λ3
FµνF̃

µν (for a fermion χ) .

(5.1)

For the operator to induce the ICB, Φ†Φ or χ̄χ should have a time-dependent background

value. There would be three possibilities: the cosmological background of Φ†Φ or χ̄χ is

composed of (i) classical fields, (ii) pair condensates, or (iii) particles. The case (i) is similar

to the ALP case. In the case (ii), the pair condensates would also effectively work as axion-

like fields. To discuss this possibility, we need to elaborate a model with interaction to
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form appropriate time-dependent condensates and its cosmological consequences, which is

left for future studies. In the following, we focus on the possibility (iii).

Since the one-particle energy Ep is always larger than the mass m, the cosmological

background of Φ†Φ or χ̄χ is bounded from above by the energy density ρ as

⟨Φ†Φ⟩ ≲ ρ/m2 , ⟨χ̄χ⟩ ≲ ρ/m , (5.2)

respectively. In the epoch after the LSS, the energy density is conservatively bounded by

the critical density at the LSS, ρc,LSS ≃ (3×10−13TeV)4 (natural unit). Substituting these

results to eq. (4.2), we find

m ≲ 10−14 eV

(
|β|
0.3 ◦

)−1/2( Λ

TeV

)−1

(scalar) ,

m ≲ 10−40 eV

(
|β|
0.3 ◦

)−1( Λ

TeV

)−3

(fermion) .

(5.3)

The interactions (5.1) can be probed by collider experiments through production processes,

γ → γΦΦ, γχχ. As shown for the fermion χ in ref. [82], the energy scale Λ should be roughly

larger than the TeV scale due to the absence of such a process provided that it is kine-

matically allowed, i.e., the mass is smaller than the TeV scale. Then, the conditions (5.3)

indicate that the mass of the particle should be extremely small. In addition to poten-

tial missing energy carried by such light particles in electromagnetic signals, this scenario

has the same theoretical problem as the ALP: the existence of such ultra-light particles

with the CS-type interactions (5.1) has tension with simple Grand Unified models because

interactions with gluons give a large contribution to the mass. It is also noted that the

particles should never be thermalized. Otherwise, we could apply the argument similar to

the neutrino case, and thus the induced ICB angle would become negligibly small. This

requirement restricts possible interactions with the SM particles. Moreover, the maximum

temperature of the Universe, denoted as Tmax, has an upper limit so that the particles are

never thermalized through the interactions (5.1). Roughly estimating the interaction rate

as Γ ∼ (α/8π)2T 5/Λ4 (scalar) or (α/8π)2T 7/Λ6 (fermion), we can find the upper limit

from the Gamow’s criterion Γ < H as

Tmax ≲ 1MeV

(
Λ

3GeV

)4/3

(scalar) ,

Tmax ≲ 1MeV

(
Λ

0.2GeV

)6/5

(fermion) .

(5.4)

This argument implies that the energy scale Λ should be roughly larger than the GeV

scale because Tmax must be larger than the temperature of the Big Bang Nucleosynthesis,

TBBN ∼ 1MeV.

A similar argument can be applied to a dark vector field Vµ such as a dark photon. In

the massless case, the leading CS-type operator is given by eq. (3.7) with the field strength

Xαβ for the vector field Vµ. The ICB angle induced by this operator is much suppressed

because the field strength is bounded by the energy density as |XαβX
αβ | < 4ρ. In the
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massive case, the CS-type operator (VαV
α)FµνF̃

µν is also allowed. When this operator

gives the leading contribution to the ICB angle, the argument is parallel to the scalar case:

the mass should be extremely small.

Another possibility is that the U(1)EM symmetry is only realized through a Stueck-

elberg field so that the operator (2.9) is allowed. As mentioned above, this operator is

reduced to cEBE · B with ċEB = J0. Roughly estimating ċEB ∼ HcEB with the Hubble

parameter H, we see that the induced ICB angle β could be comparable to the reported

value β ∼ O(0.1 ◦) for the neutrino background J0 ∼ nν due to the significant enhancement

factor H−1 [61–63, 83]. However, in this scenario, the symmetry allows the photon mass

in the vacuum. For example, a Stueckelberg scalar makes it possible to add the photon

mass term AµA
µ in the action. When a Stueckelberg field is given by a two-form field

Bµν [61–63, 83], we can add the BF term BµνF̃
µν , which is known to induce the photon

mass [84]. Since the experimental upper bound on the photon mass is O(10−18) eV [85, 86],

we need a mechanism to forbid or suppress these operators.

6 Conclusion

In the present paper, we have investigated the interpretation of the reported nonzero ICB

angle. Adopting the EFT approach, it is concluded that (1) only a CS-type operator could

produce such a parity-violating ICB effect in the presence of a cosmic background that is

assumed to be homogeneous and neutral, and (2) no SM particles can explain the reported

value under the standard cosmological evolution. Among all SM contributions, the CνB

could be the most promising, but its contribution has been calculated explicitly and found

to be too small to explain the reported ICB. Our result would indicate the existence of a

new particle lighter than the electroweak scale or some exotic cosmological scenarios if the

reported value of ICB should be confirmed. We have provided a guideline on searching

for physics beyond the SM through the ICB apart from the ALP. Some constraints on a

dark sector particle and the maximum temperature of the Universe have been discussed

by assuming that the dark sector is responsible for the ICB, which might be helpful in

identifying the dark matter.
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A Derivation of the ICB angle β

In this appendix, we give a derivation of eq. (4.2), given (4.1), for the ICB angle β induced

by a CS-type operator,

−
ϕÕ
4
FµνF̃

µν = ϕÕE ·B , (A.1)
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following the discussion in ref. [87]. We assume that a photon propagates in the homoge-

neous and isotropic background, ds2 = a(η)(−dη2 + dx⃗2), where a(η) is the scale factor

and η is the conformal time. Since it can be conformally transformed into the Minkowski

spacetime, we evaluate every quantity on the Minkowski spacetime in this appendix.

In the presence of the CS-type operator (A.1), Maxwell equations are modified. We

first write down general Maxwell equations for the spatially-invariant operators (2.3). In

the momentum space, E(x) → Ẽ(k)eik·x and B(x) → B̃(k)eik·x,6 they can be written as

ik · Ẽ = ρext + ρind , (A.2a)

k · B̃ = 0 , (A.2b)

k× Ẽ = −ωB̃ , (A.2c)

ik× B̃ = jext + jind + iωẼ , (A.2d)

where ω ≡ k0. In addition to the external sources ρext and jext, the source terms ρind =

ρind(Ẽ, B̃) and jind = jind(Ẽ, B̃) are induced by the operators (2.3) other than the standard

one. These terms can be rewritten only in terms of the electric field Ẽ by using the Maxwell

equation (A.2c): ρind = ρind(Ẽ) and jind = jind(Ẽ). From eq. (A.2c) and eq. (A.2d), we have

jext + jind = −iω
{
Ẽ− |k|2

ω2

[
Ẽ− k̂(k̂ · Ẽ)

]}
, (A.3)

where k̂ ≡ k/|k|. Decomposing Ẽ into the components parallel and transverse to the wave

vector k as

Ẽl = k̂(k̂ · Ẽ) , Ẽt = Ẽ− Ẽl , (A.4)

we can rewrite eq. (A.3) as

jext + jind = −iω
[
Ẽl +

(
1− |k|2

ω2

)
Ẽt

]
. (A.5)

Since the operators in (2.3) are quadratic in the electromagnetic fields, the induced current

jind = jind(Ẽ) is linear in Ẽ. The three spatial vectors Ẽt, Ẽl, and k̂ × Ẽ = k̂ × Ẽt span

the three-dimensional space, provided that neither Ẽl nor Ẽt is null. Thus, in general, we

can parameterize the induced current as

jind = −iω
[
(1− εl)Ẽl + (1− εt) Ẽt − iεpk̂× Ẽ

]
. (A.6)

Here, the three parameters εl, εt, and εp consist of ω and three arbitrary functions cEE,

cBB, and cEB in eq. (2.3). As understood from the parity, the εp term is generated by the

CS-type operator (A.1). Taking into account the assumption that ϕÕ is a function only of

the time η, the induced current from the CS-type operator (A.1) is given by

jind = ϕ′Õ(η)B̃ = −ϕ′Õ(η)
k× Ẽ

ω
, (A.7)

6This 4-vector Fourier transformation is justified for slow variations of the source terms compared to the

oscillation time scale due to ω and k, which is consistent with our underlying assumption in considering ICB.
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where a prime denotes a derivative with respect to η, and εp can be read off as

εp = ϕ′Õ(η)
|k|
ω2

. (A.8)

Here, we have assumed that ϕ′Õ is approximately constant, i.e., |ϕ′Õ/ϕÕ| ≪ ω, |k|, which is

valid for the CMB photons propagating in the cosmological background. We now consider

an electromagnetic (EM) wave propagating through media only with the induced charge

current, jext = 0. Let us define

E± =
1

2

(
Ẽt ± ik̂× Ẽ

)
. (A.9)

In the absence of external source, i.e. ρext = 0, with ϕÕ having only time dependence,

which gives ρind = 0, eqs. (A.2a) and (A.4) tell us Ẽl = 0, which we set hereafter.7 Then,

we can rewrite the wave equation (A.5) by inserting eq. (A.6) as

0 = iω

[(
εt + εp −

|k|2

ω2

)
Ẽ+ +

(
εt − εp −

|k|2

ω2

)
Ẽ−

]
, (A.10)

and the following dispersion relations are satisfied:

εt ± εp = |k|2/ω2 , (A.11)

where ± denotes the 2 transverse helicity modes.

As we mention in the main text, we only consider the CS-like operator (A.1). Then,

we focus on the case with εt = 1 and εp = ϕ′Õ(η)|k|/ω
2 [see eq. (A.8)]. The dispersion

relations (A.11) become

ω± = |k|

√
1∓

ϕ′Õ
|k|

≈ |k| ∓ 1

2
ϕ′Õ , (A.12)

for the ±-helicity modes, where we have assumed that |ϕ′Õ| ≪ |k| in the second equation.

The phases for the ±-helicity modes are estimated as

θ± = θ̄ ± β ; β ≡ 1

2

∫
ϕ′Õ(η)dη , (A.13)

where θ̄ ≡ |k|(−η+ k̂ ·x). Thus, from eq. (A.9), the monochromatic EM waves at LSS and

today are related as

E(η0) = E+(ηLSS)e
iθ+ +E−(ηLSS)e

iθ−

= eiθ̄
[
E(ηLSS) cosβ − k̂×E(ηLSS) sinβ

]
, (A.14)

where the phases are defined by taking the integration from ηLSS to η0 in eq. (A.13). This

equation shows that the polarization direction rotates clockwise by the angle β with respect

7In this case, we would in principle have to replace Ẽl in (A.6) by a term proportional to k̂ in order to

span the 3-D space; however, one can trivially see that this term should be zero.
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to the line-of-sight direction nLOS ≡ −k̂. Therefore, we can conclude that the ICB angle

is given by

β =
1

2

∫ η0

ηLSS

ϕ′Õ(η)dη =
1

2

[
ϕÕ(t0)− ϕÕ(tLSS)

]
, (A.15)

where we have replaced the conformal time with the cosmic time after the integration.

Therefore, we have derived eq. (4.2). Note that the birefringence effect is only generated

by εp, which is only induced by a CS-type operator.

B Polarization tensors in medium

Let us revisit the argument in section 2 from the viewpoint of the photon propagation

in a medium, extending the analysis presented in ref. [87]. We explicitly show that the

operator E · B (E∥ · B∥) generates the isotropic (anisotropic) cosmic birefringence. The

effective kinetic action of the photon field Aµ is given by

Skin =
1

2

∫∫
d4x d4y

[
Aµ(x)(D

−1)µν(x, y)Aν(y)
]
, (B.1)

where Dµν denotes the propagator in the presence of a cosmological background field J :

⟨TAµ(x)Aν(y)⟩J = iDµν(x, y) , (B.2)

for the time ordering T . Introducing the self energy Πµν , we can write (D−1)µν as

(D−1)µν = (∆−1)µν +Πµν , (B.3)

where (∆−1)µν is the tree-level part,

(∆−1)µν ≡ −i(gµν∇2 −∇µ∇ν)δ4(x− y) . (B.4)

In the Fourier space, the self-energy term in the kinetic action (B.1) is written as

1

2

∫∫
d4k1d

4k2 [Aµ(k1)Π
µν(k1, k2)Aν(k2)] , (B.5)

and its gauge invariance requires that Πµν should satisfy

kµ1Πµν = 0 , kν2Πµν = 0 . (B.6)

Moreover,

Πµν(k1, k2) = Πνµ(k2, k1) , (B.7)

from the Bose-Einstein statistics and

LµαL
ν
βΠ

αβ(k1, k2; J) = Πµν(L · k1, L · k2;L · J) , (B.8)

for a Lorentz transformation L. Here, (L ·k1)µ ≡ Lµαk
α
1 and so on. In the condition (B.8),

we have explicitly written the dependence on the background field J , which is not neces-

sarily invariant under the Lorentz transformation.
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In the vacuum without background, the four-momentum of the photon is conserved:

kµ1 + kµ2 = 0. Thus, the independent tensors that can appear in Πµν are gµν , ϵµναβ and

kµ1 (= −kµ2 ). The tensor structure of Πµν can be extracted as

Πµν(k1, k2)
vac
= |k1|2Π(|k1|2)P1

µνδ4(k1 − k2) , (B.9)

where we have introduced the projection operator

Paµν ≡ gµν − kµakνa
|ka|2

(a = 1, 2) . (B.10)

This shows that the structure of the kinetic term is kept, Lkin ∼ FµνF
µν . That is, the ICB

is not generated in the vacuum.

In the presence of a cosmological background, a background tensor J should be added

to the building blocks. The cosmological principle requires that J is a function of the

cosmic time tc. Any tensor indices of J and its derivatives should be determined by the

unit-four vector uµ ∝ ∇µtc as well as gµν and ϵµναβ . Moreover, the four-momentum

conservation is violated by the cosmological background as kµ1 + kµ2 ∝ uµ. Then, the

building blocks of Πµν are gµν , ϵµναβ , kµ1 and uµ. The possible tensor structures of Πµν

with the properties (B.6)–(B.8) are

P1
µ
αP2

αν , (P1 · k2)µ(P2 · k1)ν , ϵµανβk1αk2β , (B.11)

with kµ1 + kµ2 ∝ uµ, where (Pa · kb)µ ≡ Paµνkbν (a, b = 1, 2). These three tensors give all

independent components in Πµν . We can see this fact from the viewpoint of the photon

propagation in the medium, which illuminates the role of the homogeneity and isotropy. As

we can see from kµ1 +k
µ
2 ∝ uµ, the homogeneity ensures that the momentum k is conserved

in the CMB rest frame. If we introduce the helicity basis with respect to k,

{ϵLµ(k) , ϵ+µ(k) , ϵ−µ(k)} (ϵa
µuµ = 0) , (B.12)

the isotropy ensures that they are not mixed with each other in the propagation. Here,

ϵL
µ and ϵ±

µ respectively represent the longitudinal mode and the transverse modes with

the helicity σ = ± in the sense that kµϵ
µ
± = 0 ̸= kµϵ

µ
L. Taking also into account that

the temporal components are determined by the gauge condition (B.6), we see that the

independent components are three diagonal elements for the helicity basis (B.12):

Πµν =
∑
a=L,±

Πaϵ
∗
a
µϵa

ν + (temporal components) , (B.13)

where ϵ∗a
µ is the complex conjugate of ϵa

µ (ϵ∗±
µ = ϵ∓

µ) and Πa is a scalar quantity

constructed from kµ1 , k
µ
2 and uµ. Therefore, the tensor structure of Πµν can be determined

by three independent tensors.

It is straightforward to show that the tensor structure of the operator (2.3) is written

as a linear combination of the three tensors (B.11) by using the covariant form of E and B,

Eµ = uνF
µν , Bµ = uνF̃

µν . (B.14)
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As we can understand from the parity, the first two tensors in (B.11) correspond to |E|2

and |B|2. For example, the tensor structure of the operator |E|2 − |B|2 = FµνF
µν/2 is

given by

[(k1 · k2)P1
µ
αP2

αν − (P1 · k2)µ(P2 · k1)ν ]AµAν . (B.15)

The third tensor in (B.11) corresponds to E ·B ∝ FµνF̃
µν :

ϵµανβk1αk2βAµ(k1)Aν(k2) ∝ Fµν(k1)F̃
µν(k2) . (B.16)

Therefore, any parity-violating operator should be given by the CS-type operator in the

cosmological background. Now, we see that the term cEBE ·B in (2.3) generates the ICB.

Using kµ1 + kµ2 ∝ uµ, we can write the four-momenta kµa (a = 1, 2) as

kµa = ωau
µ + σa|k|ϵLµ(k) (σa = ±1) , (B.17)

and thus

ϵµανβk1αk2β ∝ ϵµανβuαϵLβ

∝ ϵ∗+
µϵ+

ν − ϵ∗−
µϵ−

ν . (B.18)

The coefficient is a function of the cosmic time tc. Therefore, it causes the isotropic differ-

ence in propagation between the left- and right-handed photons in the CMB rest frame.

We can perform a similar argument to show that the operator E∥ · B∥ in eq. (2.16)

generates the ACB. Recovering uµ and B̄µ, we can write it in a covariant way as

(B̄µuνF
µν)(B̄αuβF̃

αβ) . (B.19)

Using the decomposition,

B̄µ = B̄LϵL
µ(k) + B̄+ϵ+

µ(k) + B̄−ϵ−
µ(k) , (B.20)

we find

B̄µuνF
µν ∝

[
(B̄ · k)uµ − (u · k)B̄µ

]
Aµ , (B.21)

B̄αuβF̃
αβ ∝

[
B̄+ϵ+

α(k)− B̄−ϵ−
α(k)

]
Aα , (B.22)

and thus the operator of (B.19) contains the term that causes the birefringence,

B̄+B̄− (ϵ∗+
µϵ+

ν − ϵ∗−
µϵ−

ν)AµAν . (B.23)

The amplitude B̄+B̄− represents the components of the magnetic field orthogonal to k ∝
nLoS with the line-of-sight direction nLoS. Therefore, the resultant birefringence angle

depends on a particular direction.
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C Dipole moment interactions

We here show that the operator (2.11)

JµνF
µν , (C.1)

induce the frequency-dependent ICB angle in the framework of the SMEFT/LEFT. In the

SMEFT/LEFT, the only possibility is given by [80, 88, 89]

Jµν = ν̄iσµνλ
ijνj ; λij ≡ µij + iεijγ5 , (C.2)

for three generations of neutrinos νi (i = 1, 2, 3) with σµν ≡ (i/2)[γµ, γν ], which corresponds

to the magnetic (µ) and electric (ε) dipole moment interactions of neutrinos. We assume

that the neutrinos are Dirac fermions. For Majorana neutrinos, an extra factor of 1/2

should be included.

To see how the operator (2.11) affects the propagation of a CMB photon, let us first

write down the Maxwell equation:

∂µF
µν = −∂µJµν . (C.3)

At the background level, the source term ∂µJ
µν is independent of the electromagnetic field

Aµ and thus does not modify its dispersion relation. Therefore, we need to consider the

backreaction of Aµ to the neutrino field ν.

The Dirac equations of the neutrino fields in the mass eigenstates are modified as

(i/∂ −mi)ν
i = (σµνλ

ijνj)Fµν . (C.4)

These equations can be formally solved as

νi = (νi)(bg) + (i/∂ −mi)
−1[(σµνλ

ijνj)Fµν ] , (C.5)

where (i/∂ −mi)
−1 is the inverse of (i/∂ −mi). Here, (νi)(bg) is the homogeneous solution.

It corresponds to the solution in the absence of Aµ and thus the background solution.

Perturbatively expanding the solution (C.5) in terms of Aµ, we obtain

νi = (νi)(bg) + ψ̂iµνF
µν +O(A2

µ) , (C.6)

where

ψ̂iµν ≡ (i/∂ −mi)
−1σµνλ

ij(νj)(bg) . (C.7)

Hereafter, a quantity with a hat denotes an operator on the electromagnetic field Fµν .

Substituting this solution into (C.2), we find

δJµν = K̂µναβF
αβ , (C.8)

where

K̂µναβ ≡ (ν̄i)(bg)(σµνλ
ij)ψ̂jαβ + h.c. . (C.9)
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In terms of K̂µναβ , the source term in the Maxwell equation is written as

−∂µ(δJµν) = −∂µ(K̂µν
αβF

αβ) , (C.10)

and can be derived from the following interaction in the Lagrangian density

Leff = −1

4
FµνK̂µναβF

αβ . (C.11)

In the action, K̂µναβ can be replaced as

K̂µναβ → 2(ν̄i)(bg)(σµνλ
ij)(i/∂ −mj)

−1(σαβλ
jk)(νk)(bg) . (C.12)

Hereafter, we will use this expression for K̂µναβ .

To pick up the CS-type operator, we would like to extract the following components,

K̂µναβ ⊃
Ôϵϵµναβ

2
, (C.13)

which results in the CS-type operator

−1

4
FµνÔϵF̃

µν . (C.14)

From the background symmetry, the interaction should be written as∫
d3x FµνÔϵF̃

µν =

∫
d3pγ
(2π)3

Õϵ(ω)Fµν(−pγ)F̃µν(pγ) , (C.15)

where ω is the frequency of the CMB photon: pγ = (ω, ωn). Here, we have assumed

that the cosmic expansion is adiabatic, which is appropriate for the CMB photons. In the

following, we will derive the expression of Õϵ(ω).

We can extract the component (C.13) by contracting K̂µναβ with ϵµναβ :

Ôϵ = −
ϵµναβK̂µναβ

12
. (C.16)

Using the identities ϵµναβσαβ = −2iγ5σµν , σµνσ
µν = 12 and σµνγ

ασµν = 0, Ôϵ can be

computed as

Ôϵ = −4imj(ν̄
i)(bg)λijγ5(∂2 +m2

j )
−1λjk(νk)(bg) . (C.17)

Replacing the background neutrino bilinears in the momentum space (pν = (Eν ,pν)) with

the expectation values as (ν̄i)(bg)(p′ν)γ
5(νk)(bg)(pν) → 0 and

(ν̄i)(bg)(p′ν)(ν
k)(bg)(pν) →

δik(mi/Eν)[n
i
ν(pν) + n̄iν(pν)](2π)

3δ(3)(p′
ν − pν) (C.18)

(see appendix D), we can read

Õϵ(ω) = −2(µijεji + εijµji)mj

∫
d3pν
(2π)3

mi

Eν

[niν(pν) + n̄iν(pν)]

(pν + pγ)2 −m2
j

. (C.19)
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Taking into account that pν is the momentum of the i-th neutrino, we can explicitly write

the denominator in the integrand as,

(pν + pγ)
2 −m2

j = 2ω(Eν − n · pν) +m2
i −m2

j . (C.20)

Since the neutrino number density quickly decays due to the cosmic expansion, we can

well approximate the ICB angle by −Õϵ(ω)/2 at the time of last scattering. Thus, ω is

estimated as ω ∼ TLSS ∼ 0.3eV and the first term is dominant in (C.20):

(pν + pγ)
2 −m2

j ≃ 2ω(Eν − n · pν) . (C.21)

In conclusion, we find

β ≃ − Õϵ(ω)

2

∣∣∣∣∣
t=tLSS

∝ 1

ω
, (C.22)

and thus the operator (C.14) induces the frequency-dependent ICB angle.

D Background neutrinos

We here consider the cosmic background neutrino ν as a free Dirac fermion with mass m,

satisfying the Dirac equation, (i/∂−m)ν = 0. The cosmic expansion is adiabatic, and hence

the (gravitational) particle production is a sub-leading effect. Quantization of the Dirac

field gives

ν(x) =

∫
d3p

(2π)3
1√
2Ep

∑
s

[
aspu

s(p)e−ipx + bs†p v
s(p)eipx

]
, (D.1)

ν̄(x) =

∫
d3p

(2π)3
1√
2Ep

∑
s

[
bspv̄

s(p)e−ipx + as†p ū
s(p)eipx

]
. (D.2)

Here, asp, b
s
p (s = 1, 2) denote the operator coefficients. They satisfy the anti-commutation

relations, {arp, a
s†
q } = {brp, b

s†
q } = (2π)3δ(3)(p − q)δrs and all the other anti-commutators

are equal to zero. Spinor functions u, v are given by solutions of the Dirac equation,

us(p) =

(√
p · β ξs√
p · β̄ ξs

)
, vs(p) =

( √
p · β ηs

−
√
p · β̄ ηs

)
, (D.3)

where βµ ≡ (1,β) and β̄µ ≡ (1,−β) with Pauli matrices β. The vectors ξ and η are both

two-component spinors normalized as ξ†ξ = η†η = 1. Then, the expectation value of ν̄ν

with regard to a state of fixed neutrino and anti-neutrino number densities are obtained as

⟨ν̄ν⟩ =
∫

d3p

(2π)3
m

Ep
[n(p, t) + n̄(p, t)] , (D.4)

where n, n̄ denote the number densities of the neutrino and anti-neutrino, respectively, and

we have used ūsur = 2mδsr and v̄svr = −2mδsr. On the other hand, using ūsγ5ur = 0 and

v̄sγ5vr = 0, we find ⟨ν̄γ5ν⟩ = 0. For a Majorana neutrino, one can simply take ap = bp
and the similar expectation values are derived.
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