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We study parity-violating birefringence induced by an asymmetric neutrino background in plasmas
associated with active galactic nuclei (AGN). We derive a directionality factor arising from the relative bulk
motion between the neutrino medium and plasma, and show that it can produce an anomalous frequency
dependence of the polarization-rotation angle, distinct from the ω−2 scaling of Faraday rotation.
This anomalous scaling can occur either at the resonance plasma frequency condition ω ≃ ωp, or when

E0
ν ≃mνω=ωp lies within the range of the neutrino energy spectrum. We estimate the effect for three

scenarios: jets propagating through the cosmic neutrino background (CνB), jets with an internal flux of
high-energy neutrinos, and accretion-disk plasma permeated by the CνB. Of the three scenarios, the latter
gives the largest rotation angle ϕd ∼ 10−35 rad, at x-ray frequencies. Although the predicted rotation angles
are below current polarimetric sensitivity, the identified spectral signatures provide a theoretical framework
for probing neutrino asymmetries and AGN plasma properties independent of magnetic field models.
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I. INTRODUCTION

The discovery of neutrino flavor oscillations [1,2]
implies massive neutrinos and lepton mixing, pointing to
physics beyond the minimal Standard Model (SM).
Oscillation data [3–6], together with cosmological limits [7]
and direct β-decay constraints from KATRIN [8], indicate
light neutrino masses of the order mν ∼ 0.1 eV. Despite
their tiny masses and weak interactions, neutrinos are
among the most abundant particles in the Universe as
relics after the Big Bang, playing a crucial role in
cosmology and astroparticle physics. Hence, complemen-
tary probes of neutrinos provide an unprecedented window
onto the fundamental laws of Nature.
Although neutrinos are electrically neutral particles, they

are subject to electromagnetic (EM) interaction at the loop
level in the SM—most prominently they exhibit a magnetic
moment predicted to be at most ∼10−19μB. EM properties

then translate into nontrivial optical properties of neutrino
media. The dominant optical effect within the SM is the
birefringence, or the optical activity that rotates the plane of
linear polarization of the EM wave, caused by gyroelec-
tromagnetic properties of the asymmetric neutrino chiral
media [9–20]. The birefringence of cosmic neutrino back-
ground (CνB) intergalactic medium leads to a minuscule
rotation of the linear polarization of the EM wave at the
level of ∼10−40 rad, per the propagation length of Hubble
radius [19]. It is relevant to search for various alternative
scenarios where the effect could be enhanced like, e.g., in
the attempt of one of us [20]. It has been demonstrated that
the enhancement of the neutrino birefringence effect can be
achieved by increasing the refractivity of the medium that
approximately scales with electron density ne. For example,
propagating the optical wave in a silicon fiber provides an
enhancement factor at the level ∼1027 in comparison with
the intergalactic plasma with ne ∼ 10−4 cm−3.
Modern astrophysics has opened new pathways to

explore the extreme environments around supermassive
black holes (SMBHs) in active galactic nuclei (AGN).
Namely, the jets in AGN provide extended structures of
plasma overdensities of up to ∼104 cm−3. Blazars, with
their relativistic line-of-sight jets extending up to kiloparsec
scales as observed in radio wavelengths, are subjects of a
vital research, providing a sizable polarization rotation
angle ϕ accumulated over the active path l of the jet due to
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the Faraday rotation. The well-known dependence of the
Faraday rotation measure (RM) on the observed EM wave
frequency ω is

ϕ

l
¼ ϕ0

l
þ RM

l
ω−2; ð1Þ

with ϕ0 being a constant term and the RM for uniform
plasma density and magnetic field is given by,

RM ¼ ω2
pωBl

8π2
; ωp ¼

ffiffiffiffiffiffiffiffiffi
e2ne
me

s
; ωB ¼ eB⫽

me
; ð2Þ

where ωp (ωB) is the plasma (cyclotron) frequency, B⫽ the
parallel component of the magnetic field, and me and e are
the electron mass and elementary charge, respectively. Note
that, throughout this work, we use natural units unless
explicitly stated otherwise.
Faraday rotation has beenmeasured directly at submillim-

eter radio wavelengths with modern polarimetric interfer-
ometry. In particular, the Atacama Large Millimeter/
submillimeter Array (ALMA) full-Stokes monitoring of
Sagittarius A* at the Galactic center yields a large, time-
variable RM of the order of ∼105 radm−2 [21,22]. ALMA
has likewise resolved Faraday rotation structure in
nearby AGN jets, e.g., at the core of M87, for frequencies
85–101GHz, theRM is of the order of∼104 radm−2 [23].At
sufficiently high photon energies, Faraday rotation rapidly
becomes negligible due to itsω−2 scaling (1). For example, in
the x-ray band this suppression is extreme, even for the large
RMs inferred in the immediate environments of black holes.
The observed polarization angle is therefore expected to trace
the intrinsic emission geometry. This expectation was borne
out by recent Imaging X-ray Polarimetry Explorer (IXPE)
observations, which measure a stable polarization angle
across the 2–8 keV band in accreting black hole systems
and relativistic jets [24]. X-ray polarimetry thus provides a
complementary, propagation-free probe of the innermost
accretion flow and jet-launching regions.
In this work, we estimate the polarization-rotation angle

arising from the neutrino medium permeating the AGN jet
and accretion disk, across the EM frequency range acces-
sible to current polarimetric observations. Our primary goal
is to draw attention to the directional dependence of the
birefringence, first identified in [20]. This comes to effect
only in cases where two components of the medium
(neutrinos and plasma) have nonzero mutual bulk motion,
as it is the case of either the AGN jet plasma that passes
through the CνB, or is being passed through by ultra-
relativistic neutrinos produced in the jet. We show that this
directionality factor can, under specific conditions, cause
an anomalous ω dependence distinct from the Faraday
rotation effect (1). This paper is organized as follows. In
Sec. II, we derive the expressions for the birefringence
angle induced by an asymmetric neutrino medium in a

plasma, highlighting the role of the directionality factor.
Having established the theoretical framework, we analyze
in Sec. III the polarization rotation induced by neutrino
media in AGN jet plasma. In particular, we consider the
contribution from the CνB in Sec. III A, followed by
ultrahigh-energy (UHE) neutrinos produced within the
jet in Sec. III B. In Sec. IV, we estimate the birefringence
effect in the plasma of AGN accretion disks. Finally, our
concluding remarks are presented in Sec. V.

II. BIREFRINGENCE FROM ASYMMETRIC
NEUTRINOS IN PLASMA

The rotary power from classical plane-wave framework
is defined as (see, e.g., Chapter XI of Ref. [25])

ϕ

l
≡ 1

2
ðjk−j − jkþjÞ; ð3Þ

where k� are the wave vector eigenvalues of left and right-
handed circular polarization eigenstates. By means of the
wave equation for transverse modes, the presence of a
medium is encoded in the transverse polarization function
ΠT and the parity-violating polarization function ΠP, which
are components of the polarization tensorΠμν of the forward-
scattered photon (see, e.g., Chapter 6 of Ref. [26]). The
resulting rotary power is directly proportional to ΠP,

ϕ

l
≃

ΠP

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 − ΠT

p ¼ ΠP

2ωn
; ð4Þ

being approximately valid for ΠP ≪ ω2 − ΠT, with n being
the refraction index of the medium.
It is a longstanding exercise to estimate the effect of a

medium consisting of neutrino (anti)particles with nonzero
EM properties on the photon propagation [9–20]. The
leading effect in SM ∝ 1=M2

W , where MW is the W-boson
mass, is purely parity-violating being responsible for the
birefringence. Namely, no matter how ΠP is calculated, it is
proportional to the neutrino-antineutrino density asymme-
try ∝ ðnν − nν̄Þ and the directionality factor K properly
derived in [20],

ΠPðk2; KÞ ¼ 2Cϕ
k2

m2
e
ðnν − nν̄ÞK; ð5Þ

where the constant factor Cϕ ∝ GFα, with GF being the
Fermi constant and α the fine-structure constant. Note that
Cϕ comes from a loop calculation within the statistical
quantum field theory of a chosen approximation scheme.
The simplest approach, introduced in [11], implements the
effect of a plasma solely in the form of its refractivity, by
replacing k2 → ω2

p in the one-loop vacuum expression,
obtaining

C0
ϕ ≡ GFα

3
ffiffiffi
2

p
π
: ð6Þ
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In this work we use the improved estimate [19] relying on
two-loop implementation of the electron medium effect,
leading to ∼103 enhancement,

Cϕ ¼ 7π

2α
× C0

ϕ: ð7Þ

For the case of two independent background media,
neutrinos and plasma, we have [20]

K ¼ ωγjn − β cos θkuj; ð8Þ
where β and γ are the relativistic factors given by the bulk
velocity of the neutrino medium with respect to the plasma,
and θku is the angle between the neutrino bulk velocity and
the EM wave vector both in the rest frame of the plasma. In
this work we take the simplified case of a nonrelativistic
and nonmagnetized dilute electron plasma characterized by
its plasma frequency

k2 ¼ ω2
p ¼ 4παne

me
; ð9Þ

and refractive index

nðω;ωpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ω2
p

ω2

s
: ð10Þ

For neutrinos of a given energy Eν, propagating through the
plasma, the rotary power can then be written as

ϕðEνÞ
l

¼ Cϕ
ω2
p

m2
e
γðEνÞnνðEνÞ½1 − rνðEνÞ�

×

����1 − βðEνÞ
nðω;ωpÞ

cos θku

����; ð11Þ

where we introduced the antineutrino-neutrino density ratio
rν ¼ nν̄=nν, taking values rν ≥ 0. In the above expression,
we explicitly specify the ω and Eν dependence of all
quantities, and we emphasize that the rotation angle ϕ
depends on the neutrino energy in the plasma. In addition,
the neutrino density appears in the formula from averaging
the statistical ensemble by performing the integration
within the rest frame of the neutrino medium—see
Ref. [11]. Furthermore, both γðEνÞ and nνðEνÞ depend
on Eν as a matter of the neutrino energy spectrum
distribution. These quantities can be expressed in terms
of an energy-dependent differential neutrino flux ΦνðEνÞ,
leading to the differential rotary power

1

l
dϕðEνÞ
dEν

¼ Cϕ
ω2
p

m2
e
ΦνðEνÞ½1 − rνðEνÞ�

×

����1 − βðEνÞ
nðω;ωpÞ

cos θku

����: ð12Þ

The angle θku is taken constant, and in what follows we
consider only two values θku ¼ 0; π, neglecting possible
divergences of the plasma, neutrino and EM wave fluxes.

III. EFFECT OF NEUTRINOS IN THE JET

In this section, we analyze the polarization-rotation
effect induced by an asymmetric neutrino medium within
AGN jet plasma, first considering the CνB and then
neutrinos produced inside the jet itself.

A. Cosmic neutrino background

CνB provides a universal neutrino medium through
which all extragalactic EM radiation must propagate.
Consisting of relic neutrinos from the early Universe,
the CνB is expected to be nearly homogeneous and
isotropic on cosmological scales. Polarized radiation emit-
ted by relativistic AGN jets therefore experiences coherent
forward scattering as it propagates through this neutrino
background. The CνB is essentially at rest with respect to
the cosmic grid, while the jet plasma and EMwave move in
the same direction toward us. Since the EM wave phase
velocity is greater than the bulk velocity of the plasma β, we
set θku ¼ π in Eq. (11).
The difference in number densities of cosmic neutrinos

and antineutrinos for a given flavor α, normalized to the
photon density nγ ≃ 411 cm−3, is [27]

ηνα ≡
nνα − nν̄α

nγ
¼ π2ξα

12ζð3Þ
�
1þ ξ2α

π2

��
Tνα

Tγ

�
3

; ð13Þ

written in terms of comoving neutrino chemical potential
via the degeneracy parameters ξα ≡ μνα=Tνα , ζð3Þ ≃
1.20206 and the SM value for the neutrino-photon temper-
ature ratio is Tνα=Tγ ¼ ð4=11Þ1=3. Recent analyses com-
bining cosmic microwave background data from Planck,
BOSS, and DESI baryon acoustic oscillation measure-
ments, large-scale structure observations, and primordial
helium abundance determinations from EMPRESS, point
to a small but nonzero flavor-equilibrated neutrino degen-
eracy parameter, ξν ∼Oð0.05Þ [28–32], corresponding
to nν − nν̄ ∼Oð5Þ cm−3.1

The CνB induced birefringence angle is given by,

ϕ

l
¼ Cϕ

ω2
p

m2
e
γ

����1þ β

n

����ηνenγ: ð14Þ

It is evident that the directionality factor in (8), which
encodes the ω dependence of the refractive index in (10),

1Cosmic neutrinos undergo gravitational clustering, with their
accumulation in galactic halos leading to a local overdensity of at
most a factor of 10 relative to the cosmological average, see, e.g.,
Refs. [33–36]. If taken into account that would lead to corre-
sponding enhancement of the birefringence effect.
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gives rise to the above birefringence angle whose ω
dependence is in principle distinct from that of Faraday
rotation (1). Nevertheless, in the regime ωp=ω ≪ 1, which
applies to the AGN jet environment, the rotary power
becomes approximately independent of the EM wave
frequency, in agreement with Ref. [19], and at second
order in ωp=ω has the same ω dependence as (1).
Quantitatively, for the fiducial choice of AGN jet param-
eters, ne ¼ 104 cm−3, l ¼ 1 pc, β ¼ 0.9, and a represen-
tative radio frequency ω ¼ 1 GHz, we obtain the following
estimate

ϕCνB
j ∼ 10−41 rad: ð15Þ

This result is comparable to [19], which examined the same
effect in the intergalactic medium over a Hubble-scale path
length l ≃ 4.3 Gpc, where the electron density is much
lower, ne ≃ 10−4 cm−3. In contrast, AGN jets exhibit
electron densities many orders of magnitude larger, even
though their characteristic sizes are significantly smaller
than the Hubble radius.
Interestingly, we wish to point out that Eq. (14) suggests

that as the wave frequency approaches the local plasma
frequency, ω → ωp (n → 0), the resonance can potentially
occur, enhancing the neutrino-induced birefringence.
However, in realistic AGN jets, the condition ω ≃ ωp,
typically marks a cutoff or turning point for wave propa-
gation in an inhomogeneous plasma. Consequently, polar-
ized radio emission that reaches the observer is unlikely to
travel extended regions, and any enhancement of the CνB-
induced birefringence remains strongly limited.

B. Neutrinos produced in the jet

IceCube’s detection of an isotropic flux of astrophysical
high-energy neutrinos, along with the association of indi-
vidual events with extragalactic sources, has firmly estab-
lished the feasibility of identifying UHE neutrino
emitters [37–39]. Among the candidate sources identified
by IceCube is the blazar TXS 0506þ 056 [40,41], with
other blazar candidates being studied in literature, e.g.,
PKS-class objects [42–44]. Beyond IceCube, the large-
volume detectors KM3NeT [45]/ARCA [46,47], also
targeting TeV–PeV neutrinos, are currently under deploy-
ment in the Mediterranean Sea. Notably, the KM3NeT
Collaboration has recently reported the most energetic
neutrino event to date with Eν ∼ 100 PeV [48], motivating
studies of both a cosmogenic origin [49] and potential
blazar associations [50]. Given this exciting experimental
program, we aim to estimate the neutrino-induced bire-
fringence effect from these UHE neutrinos produced in
blazars.2

Relativistic jets in blazars can accelerate hadrons to
UHE, producing TeV–PeV neutrinos, while simultaneously
linking neutrino emission to the observed gamma-ray
output [51–53]. The dominant production channel is
photohadronic pγ interactions which arises from collisions
of accelerated UHE protons with intense internal/external
photon fields. The pγ interactions then proceed via Δþ
resonance favoring charged pion πþ production. The
subsequent decay chain πþ → μþνμ → eþνeν̄μνμ, produces
a UHE neutrino flux with an intrinsic neutrino-antineutrino
asymmetry and a suppressed ν̄e component. Neutrinos then
oscillate to an approximately flavor-equilibrated flux
observed at Earth. Concrete modeling of photohadronic
interactions in cosmic accelerators, such as in Ref. [51],
typically yields electron antineutrino-neutrino ratios of
at most rν ∼ 1=4 for 100 TeV neutrinos, so that the
electron neutrino-antineutrino asymmetry ð1 − rνÞ ∼ 0.75.
However, the asymmetry depends on the photon spectrum
and neutrino energy, which can noticeably impact the
rotary power. A detailed modeling of these interactions
is beyond the scope of this work. For the purpose of
estimating the order of magnitude of the polarization
rotation angle, we therefore adopt ð1 − rνÞ ≈ 1 in
Eq. (12). Furthermore, since the neutrinos are produced
cospatially with the observed polarized emission in the jet,
the neutrino beam is naturally aligned with the photon
propagation direction, we therefore set θku ≈ 0 in Eq. (12).
Moreover, it is clear that for the case under study the
convenient quantity to use is the neutrino flux, which can
be inferred from observations, instead of the local particle
density, which is a derived quantity. The differential
neutrino flux, over a given interval of neutrino energies
ðEmin

ν ; Emax
ν Þ, can be modeled as a single power-law

Φν ¼ Φ0

�
Eν

E0

�
−σ
θðEν − Emin

ν ÞθðEmax
ν − EνÞ; ð16Þ

with σ being the power-law spectral index, Φ0 the nor-
malized differential neutrino flux and E0 a reference
neutrino energy.
The overall birefringence effect is computed via

ϕ

l
¼ Cϕ

ω2
p

m2
e
Φ0

Z
Emax
ν

Emin
ν

dEν

�
Eν

E0

�
−σ
����1 − βðEνÞ

n

����: ð17Þ

The integral above must be evaluated with care, since
the absolute value develops a nonanalytic behavior when
the directionality factor vanishes. This occurs when
βðEνÞ ¼ nðω;ωpÞ, i.e. at the neutrino energy

E0
ν ¼ mν

ω

ωp
: ð18Þ

Moreover, because neutrinos are highly relativistic,
Eν ≫ mν, implying γ ≫ 1 and β ≃ 1. At the same time,

2We do not consider additional components of the jet-pro-
duced neutrino spectrum, namely the low energy neutrinos, as no
observational data are presently available for them.
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the refractive index of the jet’s dilute plasma, at the photon
frequencies currently probed by polarimetric observations,
satisfies ωp=ω ≪ 1, the medium effectively has n ≃ 1.
Consequently, to obtain analytical expressions we may
safely perform a Taylor expansion of β and n in the small
parameters m2

ν=E2
ν and ω2

p=ω2, respectively, keeping only
the leading-order terms.
By integrating (17), below (or above) E0

ν, we obtain

Emax
ν < E0

νðor Emin
ν > E0

νÞ∶
ϕðωÞ
l

¼ �Cϕ
ω2
p

m2
e
Φ0

mν

2

·

�
Eσ
0

mν

1

1þ σ

�
Emax
ν

ðEmin
ν Þσ −

Emin
ν

ðEmax
ν Þσ

�
m2

ν

Emax
ν Emin

ν

−
Eσ
0

mν

1

1 − σ

�
Emax
ν

ðEmax
ν Þσ −

Emin
ν

ðEmin
ν Þσ

�
ω2
p

ω2

	
; ð19Þ

written such that the terms within the brackets are dimen-
sionless. The above result for the neutrino-induced bire-
fringence angle exhibits the same dependence on ω as the
one induced by Faraday rotation (1), i.e., a dependence
∼const:þ ω−2. However, for the case where E0

ν falls within
ðEmin

ν ; Emax
ν Þ, the integration leads to

Emin
ν < E0

ν < Emax
ν ∶

ϕðωÞ
l

¼ Cϕ
ω2
p

m2
e
Φ0

1

2
mν

·

�
Eσ
0

mν

1

1þ σ

�
Emax
ν

ðEmin
ν Þσ þ

Emin
ν

ðEmax
ν Þσ

�
m2

ν

Emax
ν Emin

ν
ð20aÞ

þ Eσ
0

mν

1

1 − σ

�
Emax
ν

ðEmax
ν Þσ þ

Emin
ν

ðEmin
ν Þσ

�
ω2
p

ω2
ð20bÞ

−
Eσ
0

mν

1

1 − σ2

�
mν

ω

ωp

�
−σ
4mν

ωp

ω

	
; ð20cÞ

where the (20c) term exhibits a distinct anomalous ω
dependence compared to the standard Faraday rotation
(1). This follows from the directional dependence, which is
essential to account for, given that the two components of
the medium—neutrinos produced in the jet and the sur-
rounding plasma—exhibit nonzero relative bulk motion. As
an example, for σ → 0 (step function), where the differ-
ential neutrino flux is constant over ðEmin

ν ; Emax
ν Þ, the

anomalous dependence is ∼ω−1, while for σ → 2 (power
law) the anomalous dependence is ∼ω−3.
To realistically estimate the magnitude of this effect we

consider the blazar neutrino source TXS 0506þ 056 iden-
tified by IceCube. From the latest fit to the data, assuming a
single power-law flux as in Eq. (16), the collaboration
determined a best-fit spectral index of σ ¼ 2.58 and

per-flavor flux Φ0 ¼ 1.68 × 10−18 GeV−1 cm−2 s−1 sr−1,
within an observed interval ðEmin

ν ; Emax
ν Þ∈ ð3; 550Þ TeV,

at E0 ¼ 100 TeV [54]. By knowing that TXS 0506þ 056
is at a luminosity distance D ¼ 1.75 Gpc from Earth and
adopting a jet length l ¼ 1 pc, in what follows we use
the simple geometric factor ðD=lÞ2 to estimate the local
neutrino flux within the jet integrated over the full solid
angle. Notice that, in order for E0

ν to fall within the interval
ðEmin

ν ; Emax
ν Þ∈ ð3; 550Þ TeV, it is required a plasma-to-EM

wave frequency ratio of ωp=ω∈ ð0.018; 3.33Þ × 10−14. For
an electron number density ne ¼ 104 cm−3, this corresponds
to frequencies in the range ω∈ ð1.69; 310Þ × 1020 Hz.
which are clearly far above those accessible to current
polarimetric observations, being even above IXPE’s sensi-
tivity ω∈ ð0.483; 1.9ÞEHz [24]. However, as shown in
Fig. 1, for a plasma with lower density ne ¼ 0.1 cm−3,
the anomalous contributionϕA of Eq. (20c) (green curve) lies
within the IXPE frequencies (orange shaded region).
However, for such EM wave frequencies and electron
density, the overall value of the birefringence angle ϕ (black
curve) is extremely small∼10−77. For the casewhereE0

ν falls
below ðEmin

ν ; Emax
ν Þ the overall effect is enhanced. Namely,

using Eq. (19), with ne ¼ 104 cm−3, we obtain exceedingly
small polarization-rotation angles of ϕ ∼ 10−49 − 10−67 rad,
for typical radio-to-x-ray frequencies ω ¼ 1 GHz − 1 EHz,
respectively.
For neutrinos produced in the jet, enhancing the overall

birefringence beyond a larger plasma density requires

FIG. 1. Birefringence angle ϕ in terms of frequency ω. Rotary
power induced by neutrinos produced in the blazar source TXS
0506þ 056 identified by IceCube [54], for a plasma density
ne ¼ 0.1 cm−3. Total angle ϕ is given by the black curve, while
its constant ϕC (quadratic ϕ2) [anomalous ϕA] component, given
by Eq. (20a) [Eq. (20b)] [Eq. (20c)], is shown in blue (red)
[green]. Orange shaded region corresponds to frequencies probed
by IXPE [24]. To the left of the vertical dashed line E0

ν (18) is no
longer within ðEmin

ν ; Emax
ν Þ.
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higher neutrino fluxes. Assuming that, within a given
energy interval, the flux reaches an optimistic upper limit
such that the neutrino density is comparable to the local
plasma density nν ∼ ne, we can estimate the maximum
expected rotation angle. For the same fiducial choices as
the CνB case (see Sec. III A), ne ¼ 104 cm−3, l ¼ 1 pc and
ω ¼ 1 GHz, we obtain,

ϕUHE
j ∼ 5 × 10−44 rad; ð21Þ

being a few orders of magnitude smaller than the CνB
estimate of Eq. (15).

IV. EFFECT OF NEUTRINOS
IN THE ACCRETION DISK

In the previous section, we estimated the birefringence
induced by neutrinos in the plasma environment of AGN
jets. We now consider the complementary scenario of
neutrinos in accretion disk plasmas, where the geometry,
kinematics, and plasma conditions differ significantly from
the jet. Notably, whether we consider the CνB permeating
the disk or neutrinos produced locally within the accretion
disk, the directionality factor (8), relevant in the jet context,
reduces here to unity. Unlike relativistic blazar jets, where
polarized emission allows a well-defined jet plasma direc-
tion relative to the asymmetric chiral neutrino medium, for
the accretion disk case there is no preferred bulk motion of
neutrinos relative to the plasma. From Eq. (8), this
corresponds to vanishing bulk velocity β ¼ 0 and γ ¼ 1,
so that Eq. (11) simplifies to

ϕ

l
¼ Cϕ

ω2
p

m2
e
nνð1 − rνÞ: ð22Þ

In contrast to the jet plasma, the inner regions of AGN
accretion disks around SMBHs can reach electron densities
as high as ne ∼ 1014–1016 cm−3 [55,56], with spectral
analyses of Seyfert galaxies frequently favoring inner-disk
surface densities above 1015 cm−3 [57]. Such densities
imply a larger plasma frequency ωp and hence a stronger
prefactor ∝ ω2

p in Eq. (22). At the same time, photons
cannot propagate in regions where ω < ωp; in practice this
constraint is most relevant at radio/mm frequencies,
whereas at higher frequencies, including UV/x-ray photons
typically satisfy ω ≫ ωp, even for the highest densities
quoted above. These dense conditions are realized in
nearby Seyfert II nuclei such as NGC 1068, which has
been identified as a potential UHE neutrino emitter by the
IceCube Collaboration, despite showing no significant
gamma-ray emission [58]. Furthermore, recent IceCube
analyses find a population-level correlation between neu-
trinos and x-ray bright Seyfert and radio-quiet AGN [59].
In these objects, x-rays arise from a compact corona
above the inner disk where thermal photons undergo

inverse-Compton scattering. Additionally, IXPE [24] polar-
imetry further constrains the coronal geometry and mag-
netic structure, offering complementary insight into the
regions of potential neutrino production.
The dominant production channel of UHE neutrinos in

these inner-disk regions is hadronuclear pp interactions
arising from collisions of accelerated protons with the
dense thermal plasma. These interactions produce roughly
equal numbers of charged pions, πþ and π−, which
subsequently generate a neutrino flux with nearly equal
contributions of neutrinos and antineutrinos. A small but
nonzero neutrino–antineutrino asymmetry is generically
expected, since pp collisions are not perfectly charge
symmetric due to valence-quark effects, yielding
πþ=π− ≳ 1. In addition, subdominant hadronic processes
such as pγ interactions are πþ-biased, leading to slightly
different ν and ν̄ yields [52,53]. Overall for neutrinos
produced in accretion disk plasma it is expected a sup-
pressed asymmetry ð1 − rνÞ ≪ 1, compared to the maximal
asymmetry of the jet scenario (see Sec. III B). With regard
to concrete experimental data, the IceCube Collaboration’s
observation of NGC 1068 currently provides only a muon-
neutrino flux measurement [58], rather than an all-flavor
flux normalization as for TXS 0506þ 056 [54].
Consequently, without knowing the electron-neutrino flux
we cannot provide an estimate of the birefringence effect
for such source. A full numerical treatment of neutrino
production in accretion-disk environments would be
required to predict such fluxes, which is beyond the scope
of this work.
Given the above, we can nevertheless provide an

estimate of the induced rotation angle due to the CνB
permeating the accretion disk plasma. The effective propa-
gation length of x-ray photons through the disk environ-
ment can be assumed to be of the order of a few
gravitational radii rg ¼ GM=c2, where G is Newton’s
gravitational constant and c the speed of light in vacuum.
Namely, for a fiducial choice of a SMBH with mass
M ¼ 109M⊙, with M⊙ denoting one solar mass, we have
l≡ rg ¼ 4 × 10−5 pc, which is clearly much smaller than
the typical parsec- to kiloparsec-scale characteristic of
blazar jet plasma structures. However, for a high density
plasma with ne ¼ 1015 cm−3, and using Eqs. (13) and (14)
for CνB, we obtain

ϕd ∼ 10−35 rad: ð23Þ

This value, to our knowledge, is the largest neutrino-
induced polarization-rotation angle reported in the
literature.

V. CONCLUDING REMARKS

In this work, we have investigated the parity-violating
birefringence induced by an asymmetric neutrino
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background within the plasma environment of AGN,
specifically focusing on relativistic jets and accretion disks.
Our analysis demonstrates that the macroscopic parity
violation arising from the neutrino-antineutrino asymmetry
induces a rotation of the linear polarization plane of EM
radiation propagating through the medium. A key finding is
the derivation of a directionality factor that accounts for the
relative bulk motion between the neutrino medium and the
plasma. We have shown that this factor introduces an
anomalous frequency dependence for the rotation angle,
distinct from the standard ∝ ω−2 behavior of Faraday
rotation, thus providing a unique spectral signature for
neutrino-induced optical activity.
We applied this formalism to three astrophysical scenar-

ios: (i) relativistic jets traversing the CνB, (ii) jets with an
internal flux of UHE neutrinos, and (iii) high-density
accretion disks permeated by the CνB. For (i) the polari-
zation rotation angle was estimated to be ϕCνB

j ∼ 10−41 rad,
at radio frequencies. We identified a resonance condition
ω ≃ ωp, which can in principle enhance the effect, although
this regime is not realized in realistic AGN jets. In (ii) we
showed that if E0

ν ≃mνω=ωp lies within the neutrino
energy band, the birefringence angle acquires an anoma-
lous frequency dependence that is qualitatively distinct
from standard Faraday rotation. Adopting source parame-
ters inferred by IceCube for TXS 0506þ 056, we found
that the resulting rotation angles are exceedingly small
∼10−49 − 10−67 rad, across radio-to-x-ray frequencies.
This strong suppression is primarily due to the low UHE
neutrino flux. The maximum value is obtained for the
optimistic assumption that the flux leads to a neutrino

number density comparable to the jet plasma density of
ne ∼ 104 cm−3, leading to ϕUHE

j ∼ 5 × 10−44 rad, at radio
frequencies. Finally, in case (iii), where electron densities
can reach ne ∼ 1015 cm−3, we obtained the largest rotation
angle ϕd ∼ 10−35 rad, at x-ray frequencies. While these
values are below the sensitivity of current polarimeters, our
work establishes a robust theoretical framework for these
effects.
Overall, the identified spectral discriminants offer a

novel, magnetic-field-independent probe of neutrino asym-
metries and AGN plasma environments, which may
become accessible with future improvements in polarimet-
ric sensitivity and the detection of denser neutrino
environments.
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