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The linear polarization of the cosmic microwave background is highly sensitive to parity-violating
physics at the surface of last scattering, which might cause mixing of E and B modes, an effect known as
cosmic birefringence. This has until recently been problematic to detect due to its degeneracy with the
instrument polarization miscalibration angle. Recently, a possible detection of a nonzero cosmic-
birefringence angle was reported at # = 0.35° £ 0.14°, where the miscalibration angle was simultaneously
determined and subtracted from the analysis. Starting from this claim, we exploit a simple map of /3 to the
coupling constant of a parity-violating term in a generic effective field theory for Lorentz and CPT
violation. We show that the reported constraint on f is consistent with current one-sided upper bounds
from cosmic microwave background studies of spacetime-symmetry breaking, and we discuss the

implications and interpretation of this detection.
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I. INTRODUCTION

Measurements of the temperature anisotropies and polari-
zation patterns of the cosmic microwave background
(CMB) have provided detailed information about the state
of the Universe at very high redshift (z ~ 1100), and has
been instrumental in establishing the lambda cold dark
matter (ACDM) cosmological model. The CMB polariza-
tion is especially sensitive to parity-violating physics,1
which until recently was only known to be present in weak
interaction. In the Standard Model, the CMB acquires linear
polarization due to Compton scattering during reionization,
which can be affected by new physics in the early Universe
or by nonstandard photon propagation.

Recently, hints of cosmic birefringence, the rotation of E
modes into B modes in the CMB, were discussed in a
series of papers by Komatsu et al. [1-4], and at this point,
the statistical significance for a nonzero birefringence
angle f has reached 3.60 [4], with no evidence of
frequency dependence [5]. This mixing of CMB parity
eigenstates is consistent with the production through an
axionlike field (see Sec. III) and disfavors EB production
through Faraday rotation [4,6]. Even if B modes, either
primordial or generated through weak lensing, are present
in the CMB, a parity-violating term is still necessary to
generate the nonzero mixing angle in order for cosmic
birefringence to appear. Several theoretical mechanisms
are available for this purpose, for example coupling of the
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electromagnetic field with an axionlike particle (ALP) [7],
Chern-Simons interactions [8—10], and certain kinds of
quintessence fields [11,12].

As the most redshifted electromagnetic radiation avail-
able, the CMB is a sensitive probe of early Universe
physics, and in order to capture the parity-odd nature of
cosmic birefringence, a nonstandard term needs to be
added to the Lagrangian, where the axion-photon inter-
action can be readily represented by a CPT-odd term. In
the photon sector, such symmetry violations have been
studied extensively using a generic effective field theory
framework [13,14] as a basis for experimental searches;
studies using gamma-ray bursts [15—-18], spectropolarim-
etry of cosmological sources [19], rotating optical reso-
nators [20,21], optical ring cavities [22], and many more
have yielded tight constraints on Lorentz and CPT sym-
metry, and are yet to detect a nonzero signal; the tightest
constraints to date have been obtained using CMB polari-
zation [23]. For an extensive list of all available constraints
(updated annually), the reader is referred to [24].

When studying CMB polarization it is necessary to take
the instrument miscalibration angle (often referred to as a)
into account, as any remaining « will be degenerate with
and will inevitably mimic an isotropic birefringence signal
as f/ = a+ p; for example, the Planck team has deter-
mined /' = 0.31 £ 0.05, not including systematic uncer-
tainties [25]. Several different methods for determining «
has recently been employed in the literature; in [1], the
authors used Planck Public Data Release 3 HFI maps to
obtain a global fit on f and three different constraints on a
in three different frequency bands. Furthermore, in [4], the
authors refine the analysis in [1] to take into account
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polarized thermal dust emission in the galactic plane, which
is the dominant foreground contribution to the polarization
signal. Both of these approaches assume vanishing intrinsic
EB correlation spectrum at the last scattering surface (LSS),
since this contribution lies beneath the sensitivity curves of
current instruments.”

The purpose of the present paper is to highlight an
important implication of a potential confirmed detection
of a nonzero cosmic-birefringence angle, namely that it is
consistent with being generated through a Lorentz and
cpPT? breaking operator in the photon sector under certain
assumptions, and that this result actually is consistent
with existing (one-sided upper) constraints on spacetime-
symmetry breaking. We organize the discussion as fol-
lows: In Sec. II we write down the photon sector including
leading-order spacetime-symmetry breaking terms and
show the resulting expressions for the EB power spectrum,
which is parity odd. In Sec. IIl we write down the
corresponding expressions for when the parity-violating
term arises from an axion-photon coupling. Here, we also
discuss the measurement of cosmic birefringence, as well
as the resulting constraints on spacetime-symmetry break-
ing, and we highlight the difference between the two. We
discuss our results in Sec. IV. We use natural units where
G = h =1 throughout this paper.

II. EFFECTIVE-FIELD THEORY

In this section, we gather some useful results which
are also found elsewhere, see for example [23,28]. To
arbitrary order in mass dimension d, we can write the
extended Maxwell Lagrange density using effective field
theory as [19]

1,
Z(kF)aﬂ”DF(tﬁwa

(1)

1 1 A
£ ~ —ZF/“,FMD + EG(II}WA/;(/CAF)&FW -

where e = E* /| /=g is the Levi-Civita tensor, A, is
the Maxwell 4-potential, and F,, = 29,4, the associated

field strength. The first term generates conventional
electrodynamics, and the other terms violate spacetime-

symmetries. The quantities lAcF and lAcAF are derivative
operators defined as

(ke = 3 (im0,

de27
(,A(AF)K = Z (kffg)z]---(ld—3aa] SO, (2)
de2Z+1

*Such an effect may be taken into account, and in general
shows a different dependence on the angular index £ [26].

3See the theorem by Greenberg [27].

where the coefficient (k%g),( is conformally invariant and

CPT odd, whereas (k(Fd))"ﬁ”” is CPT even. These coef-
ficients arise due to the symmetry breaking, and the
associated Nambu-Goldstone modes could in principle
play the role of the photon [29]. Since we are interested
only in CPT-violating physics we will set (kg)** to zero
from now on; moreover, we will focus on the lowest-order
operators, and we therefore truncate the series at d = 3, at
which point the coefficient (kf]l),( appears with no asso-
ciated partial derivatives.

To make contact with the CMB, we note that there exists
a known analogy between symmetry-breaking electrody-
namics in vacuum and conventional electrodynamics in an
anisotropic medium [19,23,30] through a modified Ampere-
Maxwell equation, which in our case reads

.. .C (c\?
2 = _2l5€ikj(kAF)k —2i (5) (kar.o)k", (3)

where y"/ is the susceptibility tensor and w, k are the
comoving angular velocity and wave number. Using the
formalism developed in [31] and used in [23], the suscep-
tibility tensor ¥/ can be reformulated as a mixing matrix
between the Stokes parameters usually denoted U, V, and
0, where the combination of the linear-polarization param-
eters Q(71) £+ iU(7) measured in the direction 7 transform
as a spin-2 (4-2) object under parity inversion. Using spin-
weighted spherical harmonics, this combination can be
decomposed into the well-known E- and B-mode polar-
izations as

Q(ﬁ) + iU(ﬁ) = _Z(Efm + iBfm)i2Yt’m(ﬁ)’ (4)
‘m

where the polarizations transform with opposite signs under
a parity transformation 2 — —i as E,, — (=1)E,,
and By, — (=1)"*'By,,. We define the angular power
spectra as

CX =20+ 1) XpnXP,. (5)

where X, X’ = {E, B}. From this definition it is evident that
the EE and BB power spectra are even under parity
inversion, whereas the EB spectrum is odd, and thus signals
parity violation.

Using techniques outlined in [23,32], we can relate the
EB polarization spectrum to the EE and BB spectra as

CPP = Aoy ((kap)o)* (CFF = CFP), (6)

where a tilde denotes the quantity in the absence of the
parity-odd interaction term. The bar over k,r indicates that
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the quantity has been averaged along the line of sight from
the surface of last scattering to the present time as

(Fag)o = / " (ko . )

o

where 7 denotes the conformal-time coordinate, and we have
assumed that the CMB photons propagate on standard light
cones; in principle, there are higher-order corrections to the
dispersion relations proportional to k,p to the nth power, but
which we discard, knowing that they will be very small.
Therefore, C];?B'k constitutes the parity-violation induced
spectrum sourced by the symmetry-breaking term (kar)o,
which is exactly a signal of cosmic birefringence. As was
pointed out in [33], a nonzero value of the parity-odd power
spectra would indicate a preferred direction (and hence
spacetime-symmetry breaking) present in the Universe.

In order to take advantage of existing constraints on the
effective field theory coefficients (kp), [24], the prefactor
in Eq. (6) can be rewritten as

V= 1602((’_‘AF)0)Zv (8)

which can be directly mapped to a standard coefficient by
using the Stokes parameters and expanding in spherical
harmonics, after which it was found in [23] that

(3) - T 1
K = 9
kw)ool 402’70_’7LSS\/_ ©)

where c¢ is the speed of light and 7, 7, g5 is the conformal
time today and at the last scattering surface, respectively.
This coefficient is related to the cosmic-birefringence angle
and is in principle degenerate with the instrument mis-
calibration a. It is thanks to the disentangling of these two
angles carried out in [1] and others that we are able to map
the obtained constraints on cosmic birefringence to the
spacetime-symmetry breaking coefficients kp.

By using the best-fit values from Planck 2018 (TT+
TE + EE + lowE) [34], we can write

c dz
c(no —nuss) = H—O/m ~ 9444 Mpc,  (10)

in terms of  redshift z, where E(z)=
VL1423 +Q01 +2)*+QF is the flat ACDM
Hubble function, and Eq. (9) now reads

3 _
k(3 00l = (6 107% GeV) /7., (11)
where we now have a relation between the measured
amplitude of the EB power spectrum (isotropic cosmic

birefringence) and the existing constraints on |kg/>)’00|.

In [23], the most stringent constraints to date* were found
using CMB polarization

| < 6.81 x 107* GeV, Planck

V),00
) | <1.54x10"* GeV,  Planck + BCII + ACT

(12)

V).00

where BCII and ACT denote Bicep II and the Atacama
Cosmology Telescope, respectively. From this, we obtain

VY <11.35x 1072,
VY <257%x1072,

Planck
Planck + BCII + ACT, (13)

i.e., amplitude of the EB power spectrum is on the order of
a few percent of the EE and BB spectra.

When comparing constraints below, we stick to con-
straints obtained through CMB only, specifically with
Planck, even though stronger constraints can be obtained
when combining probes [see Eqs. (12) and (13)]; the
reasons are twofold: first, local experiments need not be
averaged over cosmic history, which is in essence a
smearing of the different coefficients; second, using multi-
ple CMB experiments necessitates a more careful treatment
of the miscalibration angles.

III. AXION-PHOTON COUPLING

Having seen that a CPT-breaking effective field theory
term may generate nonzero EB correlation, we turn to a
specific model, a candidate mechanism for generating
cosmic birefringence consistent with the current detection;
a Chern-Simons type coupling between the Standard Model
photon and an ALP, with the interaction term [8,36,37]

1 -
Line ~ ngngWF"”, (14)

where ¢ is the axionlike field, g, is the coupling constant,
and

ehvpo
—F po
2v/=9

is the Maxwell dual. Such a coupling to a time-dependent
ALP [¢p = ¢(1)] rotates the plane of linear polarization for
photons (without influencing the Einstein equations) and
gives rise to isotropic cosmic birefringence with the angle

=

(15)

1 MLss qﬁ'
== dn—, 16
p=sou | " (16)

*See also [35] for older constraints.
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where prime denotes a derivative with respect to #, and a is
the cosmic scale factor. The observed EB spectrum
generated by the ALP then reads [1]

1 ~ -
CeP =5 sindp(Cr* — CP°). (17)

and we are now in a position to compare predictions from
effective field theory in Eq. (6) and the axion-photon
coupling above. The angle f is [as for the coefficient
(kar), in the previous section] degenerate with the instru-
ment miscalibration angle a.

We focus now on the reported nonzero birefringence
angle = 0.35°+0.14°(10) in [1], which is nonzero at
2.40; using this value for 3, the EB spectrum amplitude in

EB.$ - 5
C, ? s

1
5sindf = (122 +0.49) x 1072 (18)

at 1o confidence level. We note that this results was arrived
at by disregarding possible pollution of the signal from the
galactic foreground, which is possibly a large contribution
of EB signal; however, it was shown in [4] that the signal is
nonzero even if the galactic plane is masked. In [4], the
authors also present a constraint on  which significantly
smaller error bars, at f = 0.34 £ 0.09, corresponding to a
nonzero detection at 3.60. We choose to not use this
constraint here, since the foreground contribution and
method for disentangling # from the miscalibration angle
a makes it less straightforward to compare the constraints
to those from effective field theory found in [23]. We now
use the opposite approach compared to Sec. II and derive

the implied bounds on |k8/>)»00| directly from the constraints
on B. We have that

V).00

1
I3 00l = (6% 1078 GeV)(Esinélﬂ), (19)

from which the constraints read |kg/)),oo| = (7.32+£2.94) x

10~* GeV at 1o, which, since it is nonzero, suggests the
presence of some unknown systematic6 (as it appears to be
a signal of spacetime-symmetry breaking), and since the

error bars are algebraically mapped to |kgf,)).00|, this is a

nonzero signal at 2.4¢; we also see that this lies within the
one sided upper limit found in [8,23,38,39] even when
using the strongest constraint from the Planck+BCII+ACT
combination. For comparison purposes, we can rewrite
the above bound using the lo upper limit to find

*Disregarding the 2zn symmetry, since f represents a small,
positive anticlockwise rotation.

6Although it should be noted here that we derived this from the
nonzero measurement of /3.

|kg,)>‘00| < 1.026 x 10~ GeV, which can readily be seen

to be stronger than the result (12), which did not take into
account the miscalibration angle. It is important to note
that since the limit is on the magnitude of the coefficient

3
(v).00°
zero; however, together with the knowledge that  # 0 to

high confidence, this implies that [k(y) | # 0 as well.

. 3 . .
our constraint on |kgv)) ool can be viewed as covering

As a nonzero |k§i/)),00| implies the rotation of E modes
into B modes, EB modes will be present in the CMB
through Eq. (6). In the case of no lensing and no primordial
B modes, the EB spectrum is simply a scaling of the
Lorentz invariant EE spectrum.” We note here also that we
have neglected all other intrinsic sources of primordial EB
correlations, in line with [1]. Such correlations could for
example be induced in theories containing chiral primordial
fluctuations, one example of with is Horava-Lifshitz
gravity [40], as was shown in [41]. The possibility of
sourcing isotropic cosmic birefringence from such primor-
dial B modes was investigated in a model-independent
manner in [42], where it was found that there is a significant
overproduction in the primordial BB spectrum which
exceeds current limits from SPTPol and POLARBEAR
[42]; therefore, this explanation can be said to be ruled out.

The situation would grow more complicated if we were to
also consider anisotropic cosmic birefringence, which
involves the spatial components of the coefficient kp;
these quantities shows a degeneracy with the temporal
components. In principle, this could cancel out the nonzero
signal we discuss in this paper, but this would require the
presence of anisotropic cosmic birefringence, which has not
yet been observed; a full analysis of these two competing
effects lies beyond the scope of this work.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have pointed out a parallel between the
recent detection of isotropic cosmic birefringence and
existing constraints of photon-sector spacetime-symmetry
breaking. We point out that a nonzero cosmic-birefringence
angle is actually consistent with photon-sector spacetime-
symmetry breaking in the form of a Chern-Simons type FF
term; moreover, we show that this is consistent with current
constraints on spacetime-symmetry breaking from the
CMB. Since the existing limits are one-sided upper bounds,
it is possible to satisfy them and simultaneously measure a
nonzero signal. We do not contend here that CPT-breaking
modifications of electrodynamics exists in addition to a
pseudoscalar axion, but we point out that a CPT-odd
effective field theory coupling can mimic the EB correla-
tions induced by an axion, and vice versa, and that the

"There will also be further leakage into the BB modes, which
we do not show here, since the amplitude is very small.
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interpretation behind these degenerate mechanisms is com-
pletely different.

Constraints on |k§€,))’00| have also been obtained from

probes other than CMB polarization, which besides being
weaker than that of [23] can serve to break the degeneracy
between the observed cosmic birefringence and the current

limits on [k(})

V) ool- From measurements of astrophysical

birefringence, the limit [k{;) | <2 x 107 GeV was
found in [8,38], and using Schumann resonances, the limit

|k8/))’00| < 1.4 x 1072° GeV was obtained in [39]. Plugging

in the numbers, we find /7 < 10/3 and /7 < 2.33 x 10*
respectively, which is significantly weaker than the CMB
polarization result.

Since a nonzero f implies spacetime-symmetry break-
ing, we must consider the possibility that this is a spurious
signal arising from some unknown systematic, the most
likely culprit being the instrument miscalibration angle a.
For the Planck mission, the combination f + a has been
reported to be 0.31°+ 0.05° [25], where the error bars
represent the estimated statistical error. To this we add a
systematic error of +0.28° [25], after which the result is
consistent with zero birefringence angle, since a and 3 are
degenerate; however, in [1], the authors employed a
simultaneous determination of @ and f, which has been
shown to be robust across frequency bands and foreground
contamination. Using this method, the result f = 0.35° +
0.14° has been achieved whilst eliminating the systematic
uncertainty of 0.28°, which is what we translate to improve

the bound on |k8,))_00|. It is a nonzero bound at |k8/))’00

(7.32 £2.94) x 10~ GeV, which is the most stringent
constraint to date. A possible way to tighten this bound
further may be to use Stokes vector rotation, as was done
in [35].

Apart from a Chern-Simons type FF term, several
mechanisms in conventional physics exist which may
produce a nonzero £, the main two being Faraday rotation
and foreground polarization: Faraday rotation produces a

frequency-dependent birefringence angle (v) « v, which
was ruled out in [4,5]. Foreground polarization produced
by dust in the galactic plane do impact the results to some
degree; in [4], the authors mask out the galactic plane with a
sky coverage of f, = 0.62, and still obtain a nonzero f at
99.5% confidence level [4]. In a different analysis, the
authors of [43] finds a less statistically significant (although
still nonzero) /. Recently, a study employing the Standard
Model Effective-Field Theory (SMEFT) determined that
the observed cosmic birefringence angle cannot be gen-
erated by a Standard Model operator at the energy scales
relevant for the CMB [44].

From the point of view of spacetime-symmetry breaking,
there is a third avenue for signal pollution: symmetry
breaking from other sectors. In this paper, we have consid-
ered spacetime-symmetry breaking in the photon sector
only, but it should be noted that certain types of symmetry
breaking in the gravitational sector could in principle pollute
this constraint. For example, considering a simple case of
explicit breaking, the Hubble function for a flat Universe can
be written as [45,46]

E(z)? = Q%,(1 4+ 2)> + Q01 + 2)* + Q% (1 + 2)™,

where the exponents x, and x, are constants arising
from the symmetry breaking. This modified measure
would alter the conformal-time integral (10), and is an
example of countershading of symmetry violations, dis-
cussed in [47,48]. Even in the case of standard cosmo-
logical background evolution, the density parameters Q%
have error bars at the percent level, adding to the overall
uncertainty, which we have not taken into account in
this work.

ACKNOWLEDGMENTS

This work was supported by CNES. N. A. N. is grateful
for discussions with Quentin G. Bailey and Eiichiro
Komatsu, and for support by PSL/Observatoire de Paris.

[1] Y. Minami and E. Komatsu, New extraction of the cosmic
birefringence from the Planck 2018 polarization data, Phys.
Rev. Lett. 125, 221301 (2020).

[2] E. Komatsu, New physics from the polarized light of the
cosmic microwave background, Nat. Rev. Phys. 4, 452
(2022).

[3] H. Nakatsuka, T. Namikawa, and E. Komatsu, Is
cosmic birefringence due to dark energy or dark matter?
A tomographic approach, Phys. Rev. D 105, 123509
(2022).

[4] J. R. Eskilt and E. Komatsu, Improved constraints on cosmic
birefringence from the WMAP and Planck cosmic micro-
wave background polarization data, Phys. Rev. D 106,
063503 (2022).

[5] J.R. Eskilt, Frequency-dependent constraints on cosmic
birefringence from the LFI and HFI Planck data release 4,
Astron. Astrophys. 662, A10 (2022).

[6] C. Scoccola, D. Harari, and S. Mollerach, B polarization of
the CMB from Faraday rotation, Phys. Rev. D 70, 063003
(2004).

015032-5


https://doi.org/10.1103/PhysRevLett.125.221301
https://doi.org/10.1103/PhysRevLett.125.221301
https://doi.org/10.1038/s42254-022-00452-4
https://doi.org/10.1038/s42254-022-00452-4
https://doi.org/10.1103/PhysRevD.105.123509
https://doi.org/10.1103/PhysRevD.105.123509
https://doi.org/10.1103/PhysRevD.106.063503
https://doi.org/10.1103/PhysRevD.106.063503
https://doi.org/10.1051/0004-6361/202243269
https://doi.org/10.1103/PhysRevD.70.063003
https://doi.org/10.1103/PhysRevD.70.063003

NILSSON and LE PONCIN-LAFITTE

PHYS. REV. D 109, 015032 (2024)

[7] F. Finelli and M. Galaverni, Rotation of linear polarization
plane and circular polarization from cosmological pseudo-
scalar fields, Phys. Rev. D 79, 063002 (2009).

[8] S.M. Carroll, G.B. Field, and R. Jackiw, Limits on a
Lorentz and parity violating modification of electrodynam-
ics, Phys. Rev. D 41, 1231 (1990).

[9] S. M. Carroll, Quintessence and the rest of the world, Phys.
Rev. Lett. 81, 3067 (1998).

[10] M. Li and X. Zhang, Cosmological CPT violating effect on
CMB polarization, Phys. Rev. D 78, 103516 (2008).

[11] M. Giovannini, Magnetized birefringence and CMB polari-
zation, Phys. Rev. D 71, 021301 (2005).

[12] K.R.S. Balaji, R. H. Brandenberger, and D. A. Easson,
Spectral dependence of CMB polarization and parity, J.
Cosmol. Astropart. Phys. 12 (2003) 008.

[13] D. Colladay and V. A. Kostelecky, CPT violation and the
Standard Model, Phys. Rev. D 55, 6760 (1997).

[14] D. Colladay and V. A. Kostelecky, Lorentz violating ex-
tension of the Standard Model, Phys. Rev. D 58, 116002
(1998).

[15] V. A. Kostelecky and M. Mewes, Constraints on relativity
violations from gamma-ray bursts, Phys. Rev. Lett. 110,
201601 (2013).

[16] K. Toma et al., Strict limit on CPT violation from
polarization of gamma-ray burst, Phys. Rev. Lett. 109,
241104 (2012).

[17] P. Laurent, D. Gotz, P. Binetruy, S. Covino, and A.
Fernandez-Soto, Constraints on Lorentz invariance violation
using INTEGRAL/IBIS observations of GRB041219A,
Phys. Rev. D 83, 121301 (2011).

[18] J.-J. Wei, New constraints on Lorentz invariance violation
with polarized gamma-ray bursts, Mon. Not. R. Astron. Soc.
485, 2401 (2019).

[19] V. A. Kostelecky and M. Mewes, Cosmological constraints
on Lorentz violation in electrodynamics, Phys. Rev. Lett.
87, 251304 (2001).

[20] T. Zhang, J. Bi, Y. Zhi, J. Peng, L. Li, and L. Chen, Test of
Lorentz invariance using rotating ultra-stable optical
cavities, Phys. Lett. A 416, 127666 (2021).

[21] Q. Chen, E. Magoulakis, and S. Schiller, High-sensitivity
crossed-resonator laser apparatus for improved tests of
Lorentz invariance and of space-time fluctuations, Phys.
Rev. D 93, 022003 (2016).

[22] Y. Michimura, M. Mewes, N. Matsumoto, Y. Aso, and M.
Ando, Optical-cavity limits on higher-order Lorentz viola-
tion, Phys. Rev. D 88, 111101 (2013).

[23] L. Caloni, S. Giardiello, M. Lembo, M. Gerbino, G. Gubitosi,
M. Lattanzi, and L. Pagano, Probing Lorentz-violating
electrodynamics with CMB polarization, J. Cosmol. Astro-
part. Phys. 03 (2023) 018.

[24] V. A. Kostelecky and N. Russell, Data tables for Lorentz and
CPT violation, Rev. Mod. Phys. 83, 11 (2011).

[25] N. Aghanim et al. (Planck Collaboration), Planck
intermediate results. XLIX. Parity-violation constraints
from polarization data, Astron. Astrophys. 596, A110
(2016).

[26] B. Thorne, T. Fujita, M. Hazumi, N. Katayama, E. Komatsu,
and M. Shiraishi, Finding the chiral gravitational wave

background of an axion-SU(2) inflationary model using
CMB observations and laser interferometers, Phys. Rev. D
97, 043506 (2018).

[27] O.W. Greenberg, CPT violation implies violation
of Lorentz invariance, Phys. Rev. Lett. 89, 231602
(2002).

[28] J.R. Eskilt, L. Herold, E. Komatsu, K. Murai, T. Namikawa,
and F. Naokawa, Constraints on early dark energy from
isotropic cosmic birefringence, Phys. Rev. Lett. 131,
121001 (2023).

[29] R. Bluhm and V.A. Kostelecky, Spontaneous Lorentz
violation, Nambu-Goldstone modes, and gravity, Phys.
Rev. D 71, 065008 (2005).

[30] G. Gubitosi, G. Genovese, G. Amelino-Camelia, and A.
Melchiorri, Planck-scale modifications to electrodynamics
characterized by a space-like symmetry-breaking vector,
Phys. Rev. D 82, 024013 (2010).

[31] M. Lembo, M. Lattanzi, L. Pagano, A. Gruppuso, P. Natoli,
and F. Forastieri, Cosmic microwave background polariza-
tion as a tool to constrain the optical properties of the
Universe, Phys. Rev. Lett. 127, 011301 (2021).

[32] K. Murai, F. Naokawa, T. Namikawa, and E. Komatsu,
Isotropic cosmic birefringence from early dark energy, Phys.
Rev. D 107, L041302 (2023).

[33] A. Lue, L.-M. Wang, and M. Kamionkowski, Cosmological
signature of new parity violating interactions, Phys. Rev.
Lett. 83, 1506 (1999).

[34] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[35] V. A. Kostelecky and M. Mewes, Astrophysical tests of
Lorentz and CPT violation with photons, Astrophys. J. Lett.
689, L1 (2008).

[36] E. G. M. Ferreira, Ultra-light dark matter, Astron. Astro-
phys. Rev. 29, 7 (2021).

[37] D. Harari and P. Sikivie, Effects of a Nambu-Goldstone
boson on the polarization of radio galaxies and the cosmic
microwave background, Phys. Lett. B 289, 67 (1992).

[38] V. A. Kostelecky and M. Mewes, Electrodynamics with
Lorentz-violating operators of arbitrary dimension, Phys.
Rev. D 80, 015020 (2009).

[39] M. Mewes, Bounds on Lorentz and CPT violation from
the Earth-ionosphere cavity, Phys. Rev. D 78, 096008
(2008).

[40] P. Horava, Quantum gravity at a Lifshitz point, Phys. Rev. D
79, 084008 (2009).

[41] T. Takahashi and J. Soda, Chiral primordial gravitational
waves from a Lifshitz point, Phys. Rev. Lett. 102, 231301
(2009).

[42] T. Fujita, Y. Minami, M. Shiraishi, and S. Yokoyama, Can
primordial parity violation explain the observed cosmic
birefringence?, Phys. Rev. D 106, 103529 (2022).

[43] P. Diego-Palazuelos et al., Cosmic birefringence from
the Planck data release 4, Phys. Rev. Lett. 128, 091302
(2022).

[44] Y. Nakai, R. Namba, I. Obata, Y.-C. Qiu, and R. Saito, Can
we explain cosmic birefringence without a new light field
beyond standard model?, arXiv:2310.09152.

015032-6


https://doi.org/10.1103/PhysRevD.79.063002
https://doi.org/10.1103/PhysRevD.41.1231
https://doi.org/10.1103/PhysRevLett.81.3067
https://doi.org/10.1103/PhysRevLett.81.3067
https://doi.org/10.1103/PhysRevD.78.103516
https://doi.org/10.1103/PhysRevD.71.021301
https://doi.org/10.1088/1475-7516/2003/12/008
https://doi.org/10.1088/1475-7516/2003/12/008
https://doi.org/10.1103/PhysRevD.55.6760
https://doi.org/10.1103/PhysRevD.58.116002
https://doi.org/10.1103/PhysRevD.58.116002
https://doi.org/10.1103/PhysRevLett.110.201601
https://doi.org/10.1103/PhysRevLett.110.201601
https://doi.org/10.1103/PhysRevLett.109.241104
https://doi.org/10.1103/PhysRevLett.109.241104
https://doi.org/10.1103/PhysRevD.83.121301
https://doi.org/10.1093/mnras/stz594
https://doi.org/10.1093/mnras/stz594
https://doi.org/10.1103/PhysRevLett.87.251304
https://doi.org/10.1103/PhysRevLett.87.251304
https://doi.org/10.1016/j.physleta.2021.127666
https://doi.org/10.1103/PhysRevD.93.022003
https://doi.org/10.1103/PhysRevD.93.022003
https://doi.org/10.1103/PhysRevD.88.111101
https://doi.org/10.1088/1475-7516/2023/03/018
https://doi.org/10.1088/1475-7516/2023/03/018
https://doi.org/10.1103/RevModPhys.83.11
https://doi.org/10.1051/0004-6361/201629018
https://doi.org/10.1051/0004-6361/201629018
https://doi.org/10.1103/PhysRevD.97.043506
https://doi.org/10.1103/PhysRevD.97.043506
https://doi.org/10.1103/PhysRevLett.89.231602
https://doi.org/10.1103/PhysRevLett.89.231602
https://doi.org/10.1103/PhysRevLett.131.121001
https://doi.org/10.1103/PhysRevLett.131.121001
https://doi.org/10.1103/PhysRevD.71.065008
https://doi.org/10.1103/PhysRevD.71.065008
https://doi.org/10.1103/PhysRevD.82.024013
https://doi.org/10.1103/PhysRevLett.127.011301
https://doi.org/10.1103/PhysRevD.107.L041302
https://doi.org/10.1103/PhysRevD.107.L041302
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1086/595815
https://doi.org/10.1086/595815
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1016/0370-2693(92)91363-E
https://doi.org/10.1103/PhysRevD.80.015020
https://doi.org/10.1103/PhysRevD.80.015020
https://doi.org/10.1103/PhysRevD.78.096008
https://doi.org/10.1103/PhysRevD.78.096008
https://doi.org/10.1103/PhysRevD.79.084008
https://doi.org/10.1103/PhysRevD.79.084008
https://doi.org/10.1103/PhysRevLett.102.231301
https://doi.org/10.1103/PhysRevLett.102.231301
https://doi.org/10.1103/PhysRevD.106.103529
https://doi.org/10.1103/PhysRevLett.128.091302
https://doi.org/10.1103/PhysRevLett.128.091302
https://arXiv.org/abs/2310.09152

REEXAMINING ASPECTS OF SPACETIME-SYMMETRY ... PHYS. REV. D 109, 015032 (2024)

[45] K. O’Neal-Ault, Q. G. Bailey, and N. A. Nilsson, 3+ 1 [47] Q. G. Bailey, Anisotropic cubic curvature couplings, Phys.
formulation of the Standard Model extension gravity sector, Rev. D 94, 065029 (2016).
Phys. Rev. D 103, 044010 (2021). [48] V. A. Kostelecky and J. Tasson, Prospects for large relativity
[46] N. A. Nilsson, Explicit spacetime-symmetry breaking and violations in matter-gravity couplings, Phys. Rev. Lett. 102,

the dynamics of primordial fields, Phys. Rev. D 106, 104036 010402 (2009).
(2022).

015032-7


https://doi.org/10.1103/PhysRevD.103.044010
https://doi.org/10.1103/PhysRevD.106.104036
https://doi.org/10.1103/PhysRevD.106.104036
https://doi.org/10.1103/PhysRevD.94.065029
https://doi.org/10.1103/PhysRevD.94.065029
https://doi.org/10.1103/PhysRevLett.102.010402
https://doi.org/10.1103/PhysRevLett.102.010402

