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We study the imprints of a cosmological redshift-dependent pseudoscalar field ¢ on the rotation of
cosmic microwave background (CMB) linear polarization generated by a coupling ¢ F** F - We show how
either phenomenological or theoretically motivated redshift dependence of the pseudoscalar field, such as
those in models of early dark energy, quintessence, or axionlike dark matter, lead to CMB polarization and
temperature-polarization power spectra which exhibit a multipole dependence which goes beyond the
widely adopted approximation in which the redshift dependence of the linear polarization angle is
neglected. Because of this multipole dependence, the isotropic birefringence effect due to a general
coupling pF*F . 18 not degenerate with a systematic calibration angle uncertainty. By taking this
multipole dependence into account, we calculate the parameters of these phenomenological and theoretical
redshift dependencies of the pseudoscalar field which can be detected by future CMB polarization
experiments on the basis of a 2 analysis for a Wishart likelihood. As a final example of our approach, we
compute by Markov chain Monte Carlo the minimal coupling g, in early dark energy which could be
detected by future experiments, with or without marginalizing on a systematic rotation angle uncertainty.

DOI: 10.1103/PhysRevD.107.083529

I. INTRODUCTION

When the electromagnetic tensor F,, is coupled to a
pseudoscalar field ¢(x), a new term appears in the
Lagrangian density:

g Tuv
LD —Z"’quWFﬂ , (1)

where g, is a model-dependent coupling constant
and Fw E%G”WMF o 18 the dual of the electromagnetic
tensor. The plane of linear polarization of a single photon
propagating in this evolving cosmological pseudoscalar
field background undergoes a rotation given by [1,2]

9p

2 [p(x) = o). @

where ¢(x.y,) is the value of the pseudoscalar field
when light is emitted. This effect is called cosmological
birefringence.

First upper limits on the coupling constant g, were based
on optical imaging polarimetry of radio galaxies [2-7].
Soon after, it was realized that cosmic microwave back-
ground (CMB) polarization could also be used to study this
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interaction which induces a rotation of the plane of linear
polarization [8-10] to leading order in g,, as well as circular
polarization to the next-to-leading order [11,12].

Both the redshift dependence [11,13—18] and the inho-
mogeneities [18-23] of the cosmological pseudoscalar field
contribute to cosmological birefringence. In this paper, we
study the imprints of the isotropic redshift dependence of ¢
along the line of sight from the last scattering surface to the
observer into CMB parity even and odd power spectra. We
consider either phenomenological or theoretically moti-
vated redshift dependence of the pseudoscalar field, such as
those in models of early dark energy (EDE), quintessence
(DE), or axionlike dark matter (DM) [13,14,24-31].

As already pointed out [11,13,14,16-18], this redshift
dependence induces a multipole dependence of the cos-
mological birefringence effect in the CMB power spectra
which goes beyond the widely used approximation for
which the rotation angle is assumed constant in redshift [8].
Although this approximation is a key working assumption
for deriving constraints from CMB polarization data
[32-43] and forecasting the capabilities of future experi-
ments [44—47], we believe it is timely to fully exploit the
theoretical predictions of isotropic cosmological birefrin-
gence for two main reasons.

First, by assuming the isotropic birefringence angle as
independent on the multipoles, an exact degeneracy between
the cosmological birefringence effect and the uncertainty in
the calibration angle which would be otherwise absent opens

© 2023 American Physical Society
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up. We explicitly show how taking into account the redshift
dependence of cosmological birefringence mitigate this
degeneracy (see also Refs. [16,17]).

As a second point, we stress that the advance in data
analysis and in the increasingly precision of CMB polari-
zation data shrank error bars approximately by a factor
of 3 from the Planck analysis on data release 2 [36]: Hints
of isotropic cosmic birefringence within the constant
angle approximation were claimed with Planck data
release 3 (DR3) [48], Planck data release 4 (DR4) [49],
and more recently with WMAP 9-year and data-processing
pipeline called NPIPE [50] (a = 0.34210%" deg [51]). For
arecent review, see Ref. [52]. We will indeed show that the
differences between a physical model and the constant
angle approximation are important and within the reach of
future CMB polarization experiments.

The paper is organized as follows: In Sec. I, we review
the Boltzmann equation in the presence of an isotropic
redshift-dependent birefringence. We compare the power
spectra for some phenomenological models with the widely
used approximation where the time dependence of the
linear polarization angle is neglected. The study of theo-
retically motivated redshift dependence of the pseudoscalar
field is presented in Sec. III: early dark energy, quintes-
sence, and axionlike dark matter. In Sec. IV, we present the
forecasts for CMB experiments, focusing, in particular,
on LiteBIRD on the basis of a y? analysis for a Wishart
likelihood, and we perform few exploratory runs exploring
the whole cosmological and birefringence parameter space
using the Markov chain Monte Carlo code CosmoMC. We
conclude in Sec. V.

In this work, we use natural units, # = ¢ = 1, and assume
flat ACDM cosmological model with Planck 2018 esti-
mates of cosmological parameters [53]: Q,h% = 0.02237,
Q.h? =0.120, 7= 0.0544, n, =0.9649, In(10'°A;) =
3.044, and Hy=100hkms™'Mpc~' =67.36kms~' Mpc~!.

II. EFFECTS OF REDSHIFT EVOLUTION OF THE
BIREFRINGENCE FIELD

The linear polarization rotation for a CMB photon is
described by

0= Qrec COs (Zﬂ) + Upec sin (2ﬂ)’ (3)

U = Uy cos (Zﬂ) = Orec sin (2/7))’ (4)
where Q... and U, are the Stokes parameters at recombi-
nation, when CMB photons are last scattered.'

In the case of an isotropic time-dependent birefringence
angle induced by a cosmological pseudoscalar field,

'We follow CMB-HEALPix coordinate conventions: The
linear polarization angle increases clockwise looking toward
the source [54-56].

the Boltzmann equation for linear polarization
contains an additional term proportional to g,¢’ (1), where
¢’ is the derivative of ¢ with respect to conformal
time n [11,13,14,57]:

Absip(k,n) + ikpAgiy (k. n)

6 m
= —n,ora(n) l:AQﬂ:iU(k’ ’7)+Z \/—gﬂYg’S; )(k’ﬂ)}
+ igq&d)/(”])AQ:tiU(kv ’7>‘ (5)

The cosine of the angle between the CMB photon direction
and the Fourier wave vector is indicated by y, n, is the
number density of free electrons, or is the Thomson
cross section, (Y74 are spherical harmonics with spin weight

s, and SV

polarization.
In order to integrate along the line of sight, we note
that [14]

(k,n) is the source term generating linear

Ay (ko n) + [iku + 7' (n) £ igyd’ ()] Agwiv (k. n)
— e ikun pr(n) pFi2a(n) di [eik”"e‘T(Weiiz"(”)AQiiU(k, )],
(6)

where we introduced the differential optical depth 7/(1) =
n.ora(n) and we formally integrated ¢'(n) defining
a(n) =% ¢(n), defined up to a constant. Therefore, the
Boltzmann Eq. (5) can be rewritten as

) . d . . .
e~ ikun p7(n) pFi2a(n) - [e"‘””e"<’7>ei’2“<'7)AQiiU(k, )]

n
=7 \/ging"S&m) (k.n). (7)

Following the integration along the line-of-sight method-
ology [58], we obtain these expressions for the polarization
C, auto- and cross-spectra:

cyl = (471)2%/ K2dk[Ay ¢ (k. no) Ay (k. m0)],
(8)

C;X = (47r)21 /%/ kzdkAT,f(ka o) Ax.~ (k. 1o),
)

where X, Y can be either E or B. The integrals defining the
polarization scalar perturbations Ay ,, Ag ., and Ay . are,
respectively,
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Ago(kono) = / " dng(n)Sy(k.m)j ko — k). (10)

Mrec

o 0) Je(kno — ki)
NP :/ dng(n)S'Y (k, ) L2310 — 1)
(ko) e (Sp (k1) (kno — kn)?

x cos 2[a(n) — a(ny)], (11)

o 0) Je(kno — ki)
Ap (k7 :/ dr]gnS( k) =————>

x sin2[a(n) — a(m)]. (12)

Here, S7(k,n) [Sg)) (k,n)]is the source term for temperature
[scalar polarization] anisotropies, and j, is the spherical
Bessel function of the order of 7.

Note that Ax and Ay are sensitive to cosmic birefrin-
gence through a term proportional to a(n) — a(#y), where
a(n) describes linear polarization rotation from recombi-
nation (#,..) to time #:

al) = / " o (). (13)

The visibility function g(n) = 7'(n)e~*" [58] is not
constant for photons propagating from last scattering to
nowadays: It reaches its maximum at recombination, and a
second peak is present at the reionization epoch, but it is
several orders of magnitude smaller. The visibility function
of the Boltzmann code caMB [59] is plotted in Fig. 1 as a
function of the redshift.

Since the visibility function is highly peaked at recom-
bination, a widely used approximation consists in evalu-
ating the new term a(n) — a(nq) appearing in Eqs. (11) and
(12) at recombination [24]. In this approximation,

a(n) — alny) = aliwee) — alny) = a, (14)
the constant terms cos(2a) and sin(2a) exit integration over
time in Eqs. (11) and (12), and the following expressions
for the power spectra as a function of the power spectra at
recombination (rec) are obtained (assuming at recombina-

tion both CZ%™ =0 and vanishing parity odd power
spectra CLP™ = CEP™™ = 0) [8,9,14,60,61]:

CLEeomt = cTE™ cos(2a), (15)
crpeonst = cTE sin(2a), (16)
CLEeomt = L cos?(2a), (17)
ciPeont = cEEin? (2a), (18)
CEBeomt = % CEE™ sin(4@). (19)

T T T T T T

geams(2)
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;
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FIG. 1. cawmB visibility function (gcamp) as a function of
redshift z; blue band, 7 < z < 12; green band, z = 7, & 100
(Zree = 1059).

The main purpose of this paper is to compare the results
of Egs. (8) and (9) with the constant approximation of
Egs. (15)—(19).

In order to study in a more detailed way the effects of
isotropic cosmic birefringence (), we modified source
terms in the Boltzmann code caMB [59] following Eqgs. (11)
and (12). In Fig. 2, we compare the effects on the power
spectra of a sudden or instantaneous rotation @ = 1 deg
occurring at different epochs. The initial value of the linear
polarization angle is always a(n,.) = 0 deg, and then «
drops to —1 deg, but at different epochs. We consider, in
particular, a(n) = —1/2{1 +tanh [10*(x —x,)]} deg, where
X= (N —1Nree)/ (Mo — Nree) and x, = {0.005,0.25,0.5,0.996}.
To give an idea of the numbers involved in ACDM, we have
X(ree) = 0, x(”z:IOO) = 0.08, x(”]z:IO) =031, x(”]z:S) =
0.44, and x(n7) = 1. If the change of the linear polarization
angle happens nowadays (at # ~#,, or x, ~ 1), then we
clearly have a(y) —a(ny) = 1 deg during all integration
along the line of sight. In this case, the power spectra
obtained using the modified Boltzmann code exactly
coincide with the analytic expressions in Egs. (15)—(19)
with fixed @ =1 deg. Note that a miscalibration of the
orientation of the detector is assimilable to a rotation at the
present time of the linear polarization vector and gives an
analog effect on the power spectra [61-63]. We clearly see
that the earlier in time the rotation happens, the smaller are
the effects on the power spectra (in particular, the difference
is larger at lower ). For BB, we also plot the power spectra
induced by lensing (black dotted line) and tensor perturba-
tions assuming tensor-to-scalar ratio » = 102 (dashed black
line) and r = 1073 (dot-dashed black line). For a detailed
discussion of the impact of lensing on cosmic birefringence,
we refer to Ref. [64].

In Fig. 3, we show the output of the modified Boltzmann
code considering a rotation & of linear polarization
(i) localized only at early times (from last scattering to
reionization)
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FIG. 2. (a) Evolution of a(n) — a(n,) as a function of conformal time (17 — 1)/ (M9 — Mrec); @ always starts at a(n,.) = 0 deg and
ends ata(n,) = —1 deg, but the “sudden or instantaneous rotation” happens at different times: The purple line corresponds to a rotation
near present time x, = (17, — rec)/ (Mo = Mrec) = 0.996, the orange line corresponds to a rotation occurring at x, = 0.5, the yellow line
corresponds to a rotation occurring at x, = 0.25, and the green line corresponds to a rotation near last scattering surface x, = 0.005—the
CAMB visibility function gcamp is plotted in red (on a different scale); angular power spectra obtained with the modified version of CAMB
are compared in (b) CEE — CEE(a = 0), (c) CZB, where we plot for comparison also the signal induced by gravitational lensing (black
dotted line), primordial signal for r = 10~ (black dashed line), and primordial signal for r = 107> (black dot-dashed line),
(d) CTE — CTE(a = 0), (e) CLB, and (f) CEB.

°
~ S
N
== —
0.8 10 =
~ ©
= T T
7 33
_ 0§ S~ =
=] S ¥ o Y
8 I = =7
5 § 9 T | —a=1de T 5
04 & —— & =1deg (EARLY-TIMES) = -
§ & | — @=1deg (LATE-TIMES) o
G S| —- a=o.1deg T d
0.2 10 1 < o
w1 =
W
SR
0 © ®
00 02 04 06 08 10 g 10! 102 103 S
(-rec)/(m=1iec) ! /J
1
= —
e 3 4 2
= ~ =
& wn X —
= =S 2 X7
= o
< /\ n S . A &7
= S H = ——— 4 - SAA 0 =
o o ° |
s V U + \/\ Z
s = S
= = -2 8.5
S Q =
© g [, ©
<! — -4
o CI> © T T T
= 10! 10? 10 10! 100 1000 2000 S 10t 102 10°
! L L 7

FIG. 3. (a) Evolution of the birefringence angle a as a function of conformal time (1 — 7ec )/ (o — 7rec ) TOtation angle equal to 1 deg
(0.1 deg) from last scattering to reionization [green continuous (dash-dotted line) line]; rotation angle equal to 1 deg (0.1 deg) from
reionization to nowadays [blue continuous (dash-dotted line) line]—the cAMB visibility function gcamp is plotted in red (on a different
scale); angular power spectra obtained with the modified version of CAMB are compared in (b) CEE — CEE(a =0), (c) CEB,
(d) CTE — CTE(@ = 0), (e) CLB, and (f) CEB.
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FIG. 4. (a) Oscillating birefringence angle with @ = a(,..) — a(y) = 0 deg—the linear polarization angle oscillates between 1 and

—1 deg: a(y) = sin(20zx) (green line); we plot for comparison also the case of a sudden rotation of & deg (+0.1 deg) occurring at the
present time—see the continuous (dot-dashed) red and blue lines. (b) CEE — CEE(a = 0), (c) CB2, (d) CTF — CTE(a = 0), (e) CI5,

and () CEB.

n A X —VU.
a(ﬂ)_a{ta h[10%( 20 001)] +1
tanh[10*(x—0.25)] + 1
_ : }

or (ii) only at late times (from reionization to nowadays)

o) = &{tanh[lo (x ; 0.25)] +1
tanh[10*(x — 0.996)] + 1
_ . }

Since the linear polarization rotation is not constant over
time, the effects on the power spectra are different. If « is
rotated only at early times the effects on the power spectra
are localized at Z 2 10. Otherwise, if the linear polarization
angle rotates after reionization (late times), the effects are
visible only at # < 10.

Interestingly, we stress that birefringence effects on the
power spectra can be present even if a(y..) = a(n),
differently from what is stated in Ref. [29]. In this case,
according to the analytic expressions in Egs. (15)—(19),
there should be no effects, since @ = 0. On the contrary,
there are evident effects on the power spectra using the
modified CAMB code based on the Boltzmann equation for
cosmic birefringence; see, in particular, Fig. 4. See also the
Appendix for other interesting phenomenological cases

with a(”/rec) = a(ﬂO)'

III. THEORY MODELING

In an expanding universe, a spatially homogeneous
scalar field obeys

. . dV
¢+3Ho d¢_0’ (20)
where the overdot denotes derivative respect to cosmic
time 7. In this section, we specify the potential V(¢)
for (a) axionlike early dark energy (Sec. Il A), (b) quintes-
sence (Sec. IIIB), and (c) axionlike dark matter
(Sec. IIIC). From the evolution of (), we estimate
the effects on CMB power spectra using a modified
version of CAMB [59].

A. Axionlike as early dark energy

Early dark energy was proposed in order to solve the
tension between the local and the cosmological measure-
ments of the Hubble parameter [27,30,31,65,66]. In this
case, we consider a potential of the form

V(g) = A* <1 - cos?)n,

describing the spontaneous breaking of a continuous
symmetry at scale f. The evolution of the pseudoscalar
field ¢ is determined by the following system of
equations:

(1)

083529-5
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FIG.5. Early dark energy, evolution of ® as a function of z from
recombination to nowadays for fixed n =2, A =0.417 eV,
S =0.05M, =122 x 10" GeV, ©; = 1, and @,- = 0: numeri-
cal fit of Eq. (24) (green line) and the evolution provided by
CAMB-1.3.2 (blue line); in this version of camMB, EDE is imple-
mented following Ref. [71].

. . n A4 ¢ n—1 . 45

¢+3H¢+—<1—cos—> sin— = 0,
f f f

1
= 5 (PrAD T PMAT T PA + 1), (22)
3M,

where M;; = 2.43 x 10'® GeV is the reduced Planck mass.

Initially, the field is frozen and acts as a cosmological

constant, and it begins to oscillate when the effective

mass becomes of the order of H. In practice, we solve
numerically this system in the new variable x =Int/t;,

from a fixed point #; in the radiation-dominated era to
nowadays (fy):

t,zez" 7 (l—cosG))

da ai ’
——te Ha QRADI +QMAT1 +QA,i
dx

_®

dx

1 f2 1 A4 1/2

L S (1-cos@)|

6H2M2 2 ( ) +3H2M2< €08 )]
(23)

d® <3da l>d® §in® =0,

dx " \adx ) dx

adx

+

where O(t) = ¢(t)/f. In the oscillating regime, for
n =2, we approximate the evolution of ® as a
function of cosmic time with an elliptic sine (sn); see
Refs. [67-69]. In particular, for fixed A =0.417 eV,
f=0.05M, =122x10"7 GeV, ©,=1, and O, =0,
the following numerical fit for ® is obtained [70]:

0(n) ~ (—6.49 x 1073 4+2.15x 1073 @>
n

- no 1
*snf 6.35x 10 1—}—5.18><102—,—>. (24
( no V2 )
In Fig. 5, we plot this function for ® as a function of
redshift z, from recombination to z = 0.
In Fig. 6, we plot the power spectra using the evolution
of ©(n) directly provided by the caMB code. Note that
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FIG. 6. Early dark energy: (a) evolution for ® = ¢/ f as a function of the redshift (green line) provided by the code camB for fixed
n=2A=0417¢V, f =0.05M = 1.22 x 10'7 GeV, ®; = 1, and @,- = 0; the cAMB visibility function gcapp s plotted in red (on a
different scale). Assuming g, = 8.17 x 1078 GeV™! or g, =3.5x 107" GeV~!, we plot the angular power spectra for

(b) CEE — CEE(7 = 0), (¢) CBB, (d) CTE —

CTE(@ = 0), (e) CT%, and (f) CEB.
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for this model ©(7) is negligible compared to the values
at 7., since the field is quickly oscillating at z = 0.
We consider two values of the coupling constant: g, =
8.17 x 10718 GeV~!—corresponding to @ = 1.15 deg—
and g, = 3.5 x 107" GeV~'—corresponding to a=
0.05 deg. For EE and TE we decided to plot the difference
with the standard unrotated spectra, CEF — CEE(a = 0) and
CLE — CTE(@ = 0), in order to underline the differences.

B. Axionlike as dark energy

We consider dark energy driven by an axionlike pseu-
doscalar, as suggested in Ref. [72], with a potential:

<1 + cos?).

We solve numerically the system in the new variable x,
as in the previous subsection:

V(g) = m* (25)

d® 3d do® M*
ﬁ—i—( a 1)——t2 2 sin® = 0,
X

dx 12
da a;\* a;\3
I tie*H;a [QRAD,i () +QpaTi <>
X a a
12, (do\? 1 M 12
AR Y i 1 C] .
+6H%M§1tize o) 13 (1+cos®)

3HIMY
For M ~ 1073 eV and f < M, the pseudoscalar field
mimics the cosmological constant contribution. There are

adx

indications from string theory that f cannot be larger than
M., [73,74]. In the future, when the expansion rate of the
Universe becomes smaller, the field will start to oscillate
and the Universe will become cold dark matter dominated.

The pseudoscalar field became dynamical only recently.
By fixing M = 1.95 x 1073 eV, f = 0.265M,, ®; = 0.25,
and ©; = 0, we use the following numerical fit for @ (x):

O(17) ~0.25+ 1.468 x 10~*exp [8.857 (mﬂ . (26)
0~ Nrec

Differently from the early dark energy model, discussed
in the previous subsection, here the field is not oscillating at
z =0 and it is important to consider ©(#,). Using this
numerical fit, we evaluate the linear polarization angular
power spectra for g, = 1.8 x 1072 GeV~!, corresponding
to a total rotation angle today a(n,) = 0.35 deg. In some
models, the coupling constant between the pseudoscalar
field is assumed to be proportional to the inverse of the
energy breaking scale f [75,76]:

CaEM

£2-70

PF . FH,

(27)

where C ~ O(1) is a model-dependent constant. Therefore,
we discuss also the case g, = 2}’% ~72x 1072 GeV™'l—
corresponding to a(yy) = 0.14 deg.

See Fig. 7 for the power spectra CEE — CEE(a = 0), CEB,
CIE—CTE(a=0), CI?, and CEP evaluated using CAMB.
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FIG. 7. Axionlike dark energy: (a) evolution of ®(5) — ©(1,) as a function of conformal time (7 — )/ (19 — 7rec) 18 plotted in

green at fixed M = 1.95 x 1073 eV, f = 0. 265M,;, ©; = 0.25, and 0, = 0; the cAMB visibility function gcamp is plotted in red (on a

different scale). Assuming g, = 1.8 x 107 GeV~! and g,
(b) CEE — CEE(a = 0), (c) CEE, (d) CTF -

Z?EM ~7.2x1072' GeV~!, we plot the angular power spectra for
CTE(@ = 0), (e) CLB, and (f) CEB.
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C. Axionlike as dark matter

For an axionlike field acting as dark matter [76-78], we
consider the potential

V(g) = L <1 - cos¢’7N>, (28)

in the regime where the pseudoscalar field oscillates near
the minimum. The field evolves according to [11,79]

« sin {mt\/ 1= (1 = Qyar) (%)2] (29)

where the evolution of the scale factor is [80]

QMAT

a(t) = (%) [sinh (% mﬁroz)r. (30)

Since the Boltzmann cAMB code works in conformal
time, we fit numerically the relation between cosmic and
conformal time from recombination to today; for the
ACDM cosmological model with Planck 2018 estimates
of cosmological parameters, we obtain [53]

3.09358
fato (1 . (31)
3.5041 \10

As in the early dark energy case, the field quickly oscillates
at z = 0; therefore, we can assume ¢(1y) ~0. We plot
94%(n)/2 as a function of the time chosen, a particular
value for m=10"2¢eV and g, =10"" GeV™'; see
Fig. 8(a). Once the source terms for scalar perturbations
in the Boltzmann code are modified by inserting the new
terms proportional to a(n) — a(ny) [see Egs. (11) and (12)],
the rotated power spectra are obtained. In Fig. 8, we
plot CEE — CEE(q =0), CBB, CTE — CTE(a =0), CT5,
and CEB for m = 10722 eV and for two different values of
the coupling constant: g,=10"'*GeV~'—corresponding
to total rotation angle a(ry) = 0.52 deg—and g,=
2x10715 GeV~!—corresponding to total rotation angle
a(ng) = 0.103 deg.

IV. CURRENT MEASUREMENTS AND
FORECASTS FOR FUTURE EXPERIMENTS

In this section, we discuss the status of current
measurements and forecast the science capabilities of
future experiments in the context of cosmological bire-
fringence. We will analyze various cosmological models
with different approximations by providing effective
Ay? and posterior probabilities for parameters by
Monte Carlo Markov chain (MCMC) exploration.

The parity-violating nature of the interaction
generates nonzero parity-odd correlators (CL® and
CEP). We therefore consider the full theoretical data
covariance matrix:
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The noise power spectra are obtained by considering an
inverse-variance weighted sum of the noise sensitivity
convolved with a Gaussian beam window function for
each frequency channel v [81]:

1 -1
NXX = [Z W] , (33)
v ll/

A= ETT(CEEESS —
+ CIE(CTBEES
+ CIB(CTECE
|C| is the determinant of the theoretical covariance matrix
[see Eq. (32)]:
€] = CLTCEFT® +2CLFCIPEE? — CIT (CFP
= CEE(CRP)? = CRP(CTE)2, (37)

and |C| is the determinant of the observed covariance
matrix:

8] = CITEEEEER 1 2ETECTBEED
- EEEpy

- ey
- PP (CEE). (38)

As a representative example for the next generation of
CMB polarization experiments, we consider the Lite
(Light) satellite for the study of B-mode polarization and
inflation from cosmic background Lite background radia-
tion detection (LiteBIRD) [85,86], selected by the Japan
Aerospace Exploration Agency as a strategic large class
mission. In Table I, we report the LiteBIRD-like exper-
imental specifications that we use for our forecasts. We
produce simulated data for 7 and E by considering the
inverse noise weighting of the central frequency channels in
Table I and by assuming that the lowest and highest
frequencies are used to separate the foreground emission
as done in Ref. [86] (see also Ref. [87]). For the B-mode
polarization (in addition to the instrumental noise), we
include the following two sources of confusion: the lensing
signal and a contribution which mimics the foreground
residuals, as also done in Ref. [88]. We compare these

(CEP)R) + ETE(EICE
— CIECI) 4 CEE(CTTED -
- CEETTD) 4 CEP(CIETTS

— CIECED) + CIM(ELETE

with

2
NXX = A2 exp [1(1 +1 M} , (34)

81n2

where X = {T, E, B}, Ay, is the detector noise level, and
Orwrmy 18 the full width half maximum (FWHM) for a
given frequency channel v.
Following Refs. [82—-84], we consider a Wishart like-
lihood and introduce the effective ;(gff:
) o)

where f, denotes the observed fraction of the sky, A is
defined as

2 _ wlCl
)(eff - 2(254_ )fsky<|C| |C|

¢

- cpes)
(€1P) + EEV(ELEED - CTER)
CTes?) + 8 (ELTTE - (1)), (30

|
LiteBIRD-like noise power spectrum N28 with the signal
induced by cosmic birefringence in Fig. 9. With these
settings, we consider fg, = 0.7 and #p,, = 1350.

As a first step, we consider which constant birefringence
angle & could be detected with this LiteBIRD-like con-
figuration. We consider a covariance matrix C obtained
with @ = {1,0.5,0.35,0.2,0.1,0.01} deg, and using the
power spectra obtained from Egs. (15)-(19) we estimated
for some values of y2; see Table II. The observed power
spectra C » correspond to the case without cosmic birefrin-
gence (@ = 0). We add, both to the theoretical and to the
observed power spectra, the noise power spectra N7, NEE,
and N2 from Eq. (33); for CBB, we consider also the
contribution of lensing and foregrounds.

TABLE 1. Experimental specification for LiteBIRD: the full
width half maximum (@gwpy,) and the detector noise levels for
different frequency channels [85,89].

GFWHMI./ ATU APZ/
v [GHz] [arcmin] [#K arcmin] [#K arcmin]
78 39 9.56 13.5
89 35 8.27 11.7
100 29 6.50 9.2
119 25 5.37 7.6
140 23 4.17 5.9
166 21 4.60 6.5
195 20 4.10 5.8
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FIG. 9. Estimated noise power spectrum N8 for LiteBIRD
(purple continuous line), compared with the signal induced by
gravitational lensing (black dotted line), primordial signal for
r = 1072 (black dashed line), primordial signal for r = 1073
(black dot-dashed line), signal induced by cosmic birefringence
for @ = £1 deg (red continuous line), and signal induced by
cosmic birefringence for @ = +0.1 deg (red dot-dashed line).

A. Limits for axionlike as early dark energy

We find that an axionlike field acting as EDE could
produce a signal similar to the detection of @ = 0.35 deg
[48] by taking into account the redshift dependence of the
scalar field with

gy ~ 1.65 x 10718 GeV-, (39)

assuming, as in Sec. IlIA, n=2, A=0417¢V,
f=0.05M,,©; = 1,and ©; = 0. We determine this value
of g, by finding the C, obtained when taking into account
the redshift dependence of the axionlike field acting as
EDE which best mimics the CP™'(a = 0.35 deg) in
Egs. (15)=(19) by considering a minimization of Ay%; in
the presence of the lensing BB.

Let us now turn to future experiments such as LiteBIRD.
It is important to note that a LiteBIRD-like experiment can,
in principle, distinguish between the EDE signal induced

TABLE 11 ;(gff [see Eq. (35)] for different values of a:
The theoretical power spectra are obtained using the analytic
approximation of Egs. (15)—(19), and they are compared to the
unrotated case (@ = 0). We assume f, = 0.7 and £, = 1350
for LiteBIRD.

C, theoretical (&) + N, C, observed + N, X

Cyla=1 deg) Cy(a=0 deg) 3.03 x 10*
Cy(a@a=0.5 deg) Cyla=0 deg) 7.57 x 10°
Cy(a=0.35 deg) Cyla=0 deg) 3.71 x 10°
Co(@ =02 deg) Cola=0 deg) 1.12 x 103
Co(@=0.1 deg) Cola=0 deg) 3.03 x 102
Ci(@=001 deg) Ciola=0 deg) 3.03

TABLE III. Early dark energy: ;(gff [see Eq. (35)] for different
values of gy, at fixed n=2, A=0.417¢eV, f:0.0SMpl =1.22x

107 GeV, ©,; = 1, and ©; = 0. The theoretical power spectra are
obtained using the modified version of cAamB. The observed
power spectra correspond to the case without cosmic birefrin-
gence (a = 0), except the last two lines where we consider a
rotation @; see Egs. (15)—(19). We assume fg, = 0.7 and £y =
1350 for LiteBIRD.

C, theoretical (EDE) + N, C, observed + N, 2

Cr(gp=8.17x10"%GeV™")  Cy(a=0 deg)  1.10x 10°
Cr(gp=151x10"%GeV™!)  Cp(a=0 deg) 3.81x10°
Cr(9y=435%10""GeV™!)  Cpla=0 deg) 3.21 x 10?
Cplgy=35x107" GeV™!)  Cyla=0 deg)  2.09 x 10
Cs(gy =6.0x 1070 GeV™l)  Cp(a=0 deg) 10.5
Cr(9y=1.65x10"18Gev!)  C,(a=035 deg) 673
Crlgp=14x107"° GeV™!)  Co(@=0.02 deg) 9.62

by g, ~1.65x 10718 GeV~' and C¥™!(a = 0.35 deg) at
very high statistical significance, with y2; = 67.3 accord-
ing to Table III. This capability of future experiments opens
up the possibility to understand the physical mechanism of
cosmological birefringence.

From Table III, we retrieve other important information.
We report a value of g, ~1.4x107" GeV™' as the
smallest value of the coupling which can be distinguished
by a Cy(a) with @ = a(n.) — a(n9) in Eq. (14) and g, ~
6.0 x 1072 GeV~! as the 95% upper bound which a
LiteBIRD-like experiment as the one we adopt can achieve.

Our results improve those obtained in Table I in Ref. [27]
for LiteBIRD: g, ~ 1.45 x 107'® GeV~! (considering the
power spectrum of the rotation angle C3*) and g, ~ 7.8 x
10717 GeV~! (considering the cross-correlation between
the rotation angle and the temperature C‘;T). See also the
constraints for axionlike particles acting as early dark
energy discussed in Ref. [31].

B. Limits for axionlike for dark energy

In the case of an axionlike field acting as dark energy, we
find that we should consider a coupling constant of the
order of

gy ~—1.8x 1072 GeV', (40)

in order to best mimic a birefringence signal
CP™ (@ = 0.35 deg) [48], assuming M=1.95x 1073eV,
f=0.265M;, ©; = 0.25, and @,- =0, as in Sec. [II B. We
always consider a minimization of Ay2; in the presence of
the lensing BB.

In this dark energy case, the pseudoscalar field ¢
becomes dynamic at late times, and, therefore, the linear
polarization angle rotates at low redshift. The power spectra
are quite similar to those obtained using the analytic
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TABLE IV. Axionlike dark energy: )(gff [see Eq. (35)] for
different values of g, at fixed M =1.95x 1073eV, f = 0.265M,

0, =0.25, and ®l~ = 0. The theoretical power spectra are
obtained using the modified version of caMB. The observed
power spectra correspond to the case without cosmic birefrin-
gence (ax = 0), except the last two lines where we consider a
rotation @; see Egs. (15)-(19). We assume f, = 0.7 and £y =
1350 for LiteBIRD.

C, theoretical (DE) + N, C, observed + N, X
Cylgy=18x10"0GeV) Cf(a —0deg) 378x10°
Colgy=52x1021GeV")  Cola=0 deg)  3.15x 10
Cp(g,=72x10" 2L Gev!) Cy(a=0 deg) 6.04 x 10?
Colgy=9.0x102GeV1)  Cola=0 deg) 9.4
Colgy=8.0x1079GeV") Cy(@a=—157 deg) 9.8
Colgp=18x102°GeV") Cp(@=—-035 deg) 030

TABLE V. Axionlike dark matter: ;(gff [see Eq. (35)] for
different values of gy, at fixed m = 107> eV. The theoretical
power spectra are obtained using the modified version of CAMB.
The observed power spectra correspond to the case without
cosmic birefringence (¢ = 0), except the last two lines where we
consider a rotation @; see Egs. (15)—~(19). We assume fg, = 0.7
and ¢ ,,x = 1350 for LiteBIRD.

C, theoretical (DM) + N, C, observed + N, X

Crlgy = 1.5x 107" GeV) Cg((x =0 deg) 3.75x10°
Colgy =1.0x 1074 GeV™")  Cola=0 deg)  1.70 x 10*
Colgy =43 %1075 GeV™l)  Cola=0 deg)  3.05x 102
Cplgp =2.0%x 1075 GeV™!)  Cy(a=0 deg) 66.0
Crlgp =81x10710 GeV™"')  Cy(a=0 deg) 10.4
Colgy=137x1074Gev™) Cp(@=035 deg) 698
Colgy =75x107° GeV™!) Cp(@a=0.17 deg) 104

approximation in Egs. (15)—(19). The smallest coupling
gs that a LiteBIRD-like experiment can distinguish
from C¥™'(@) is ~8.0 x 107! GeV~!, always assuming
@ = () — a(ny). As 95% upper bound, we find g, ~
9.0 x 10722 GeV~! (see Table IV).

C. Limits for axionlike for dark matter

For a pseudoscalar field acting as dark matter, we find
that

gy~ 1.37x 107 GeV~! (41)

is needed to reproduce a signal similar to @ = 0.35 deg
[48] for m = 10722 eV, as in Sec. III C, by considering a
minimization of AyZ in the presence of the lensing BB.

A LiteBIRD-like experiment can easily distinguish
between a birefringence signal induced by dark matter
with a coupling constant of this order of magnitude and
C¥™'(a = 0.35 deg) at very high statistical significance
X2 = 69.8; see Table V.

From this table, we report also a value of g, ~ 7.5 x
10~15 GeV~! as the smallest value of the coupling which
can be distinguished by a C (@) with @ = a(1,.) — a(1)
in Eq. (14) and g, ~ 8.1 X 10716 GeV~! as the 95% upper
bound which a LiteBIRD-like experiment as the one we
adopt can achieve.

The above results depend on the mass of the axion. If we
consider a heavier mass for the pseudoscalar field, as
m =107 eV, the coupling that mimics C¥™'(a =
0.35 deg) is smaller than the one reported in Eq. (41)
and is

gy ~ 8.0 x 10713 Gev-1. (42)

On the contrary, for smaller masses (e.g., m = 10720 eV),
we have to consider a smaller coupling constant of the
order of

gp~2.7x 10710 GeV~!. (43)

In Fig. 10, we compare the limits on the axion-photon
coupling obtained from isotropic cosmic birefringence with
the other limits present in the literature [90,91]. CMB
cosmic birefringence nicely complements other experimen-
tal and astrophysical tests [92].

D. Markov chain Monte Carlo results

We perform few exploratory runs exploring the whole
cosmological and birefringence parameter space using the
MCMC code CosmoMC [93,94]. We use the exact Wishart
likelihood with mock data generated following Eq. (35),
with an effective sky fraction of 70% for all channels 7, E,
and B and including the same instrumental noise (see
Fig. 9) and foreground residuals in BB. In order to include
the full contribution of cosmic birefringence, we extended
the standard exact likelihood to include also the odd cross-
correlators 7B and EB. We perform first an idealistic case
where we vary only the coupling together with the six
standard parameters of the ACDM: dark matter density
Q_h?, baryon density Qgh?, angular diameter distance to
the last scattering surface 6, optical depth 7, the scalar
spectral index ng, and the amplitude of primordial fluctua-
tions A,. The resulting posterior probability distribution is
shown in blue in Fig. 11, and the 68% error bar is
o(g9yMp1/2) = 0.032 with a fiducial g, = 0 (corresponding
to |gy] $5.3 x 107 GeV~' at 26). Note that the degra-
dation of a factor of few in the constraints in g, with respect
to those quoted in Sec. IV is due to the variation of all the
cosmological parameters in the MCMC exploration.

The result above mentioned represents an ideal case,
because we have not included the uncertainty due to the
miscalibration angle related to the uncertainty in the
calibration of polarization angles. In order to account for
such uncertainty, we add an isotropic rotation of the spectra
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FIG. 10. Limits on the coupling constant with photons g, for a pseudoscalar field acting as dark matter as a function of mass m
(colored regions are excluded). The light blue dotted line corresponds to CMB birefringence of the order of 0.35 deg [48] obtained by
taking into account the redshift dependency of the birefringence angle, compared to CMB birefringence limits presented in Ref. [11]
(dark blue region) and in Ref. [29] (blue dashed line). Plot created with the AxionLimits code [91]; we refer to online documentation for

references on the other constraints.

due to an isotropic angle that we call @,,;;.41ip- This mimics
the confusion created by not knowing the calibration
angle when the birefringence signal arrives at the detectors.
We vary this additional parameter assuming a Gaussian
prior. We consider two cases: optimistic with a width of
the prior of 0.00175 rad (=0.1 deg = 6 arcmin) and
pessimistic with a width of the prior of 0.0035 rad
(= 0.2 deg = 12 arcmin). The resulting one-dimensional

—— Pessimistic —— Optimistic — Ideal
1.0 1
£
= 0.5+
Q
0.0 - T T : ;
-1 0 1 —0.003 0.003
1
§9¢Jupl Umiscalib
FIG. 11. One-dimensional posterior distribution for the cou-

pling and the miscalibration angle. In blue, the ideal case where
only the coupling is considered. In red, the optimistic case with
the miscalibration angle, and in black, the pessimistic case.

posteriors are presented in red and black in Fig. 11; we
note how with respect to the blue ideal curve we have
a slight degradation of the constraints on the coupling

I Pessimistic [l Optimistic
0.005 -
_
T
2 0.000 o
g
3
—0.005 A
T T T
-1 0 1
1
§g¢]\/[pl

FIG. 12. Two-dimensional posterior distribution for the mis-
calibration angle vs the coupling. In green the pessimistic case,
and in red the optimistic one.
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whose uncertainty increase by roughly one order of
magnitude to o6(g,M,/2) =0.35 (corresponding to
l94] $5.7%x 107" GeV™' at 20) for the optimistic
and o6(g,Mp/2) = 0.41 (corresponding to |g,| < 6.7 x
1071 GeV~! at 20) for the pessimistic case. Note that
the constraints on g, obtained by taking into account the
miscalibration angle degrade by roughly one order of
magnitude.

In Fig. 12, we show the correlation between the mis-
calibration angle and the coupling. Note that the degen-
eracy in the miscalibration angle and the coupling is not
exact as would be with the birefringence angle when the
redshift dependence of the rotation angle is neglected.

V. CONCLUSIONS

We studied isotropic cosmological birefringence induced
by a cosmological redshift-dependent pseudoscalar field
with a coupling g¢¢F””F - We showed how time evolu-
tion of the background pseudoscalar field imprints, in
general, a nontrivial multipole dependence in the observed
CMB angular power spectra which is not captured by the
widely adopted approximation in which the redshift
dependence of the rotation angle is neglected. This effect
could be important in interpreting reported hints of bire-
fringence in the Planck CMB spectra [48,49,51,52].
Beyond considering phenomenological redshift evolution
for the rotation angle induced by a pseudoscalar field, we
also considered the theoretical prediction for early dark
energy, quintessence, and axionlike matter.

As consequences, not only the total rotation a =
A(Nree) — a(ng) determines the final CMB spectra, but also
when the rotation occurs compared to the main changes in
the visibility function, i.e., recombination and reionization.
Moreover, nonvanishing parity-violating effects occur also
in the particular case a(#...) = a(ng)-

Because of the nontrivial multipole dependence induced
by the redshift evolution of the pseudoscalar field, the
resulting isotropic birefringence is not degenerate with a
polarization rotation angle independent on the multipoles,
which is connected to a systematic calibration angle
uncertainty.

For the theoretical models of EDE, DE, and axionlike
DM, we estimated the size of the couplings which will be
detected by a LiteBIRD-like experiment by a y> calcu-
lation. Moreover, always for these models and by a y?
calculation, we also computed at which level our theoretical
predictions can be distinguished by the widely adopted
approximation in which the redshift dependence of the
rotation angle is neglected for a LiteBIRD-like experiment.
Finally, we have explicitly shown by MCMC the reduction
of the degeneracy between the isotropic birefringence effect
for early dark energy and the miscalibration angle by
allowing all the cosmological parameters to vary, always
for a LiteBIRD-like experiment.

As a next step, we will add the effects due inhomoge-
neities in the pseudoscalar field, i.e., anisotropic birefrin-
gence, to complete the theoretical predictions of interesting
models with a pseudoscalar field, such as early dark energy,
quintessence, and axionlike matter.
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APPENDIX: ADDITIONAL
PHENOMENOLOGICAL POWER SPECTRA

In this appendix, we discuss other phenomenological
examples of redshift dependence of the linear polariza-
tion angle.

First, we consider “instantaneous rotation at present time”
(see Fig. 13). In this case, @ = a(n..) — a(ng) is exactly
constant during integration along the line of sight; therefore,
the power spectra obtained using the modified CAMB code
(colored lines) exactly coincide with the C;bs given by the
analytic expressions in Eqgs. (15)-(19) (colored regions).

The comparison between Figs. 2 and 14 assures us that
the effects on the power spectra are not dominated by the
slope of the tanh function describing the transition between
two different values of the linear polarization angle.
Instead, it is very important when this transition occurs:
The earlier in time the rotation happens, the smaller are the
effects on the power spectra.

In Fig. 4, we already showed that power spectra
are influenced by cosmic birefringence also when
a = a(fe.) —a(ng) =0. In Fig. 15, we always focus
on an oscillating behavior with & = 0, but we compare
different frequencies. Effects on the power spectra at
high ¢ seem to increase at higher oscillating frequencies
[a(n) = sin(10zx) and a(n) = sin(100zx)], but for a linear
polarization angle oscillating extremely quickly [e.g.,
a(n) = sin(1000zx)] the effects cancel out. Since the
visibility function reaches its maximum at recombination
and a second peak at reionization—see Sec. II for
more details—the overall effects highly depend on the
value of a(n) — a(ny) at these two epochs. In the case
a(n) = sin(zx), the birefringence angle is too small at
recombination to modify the source terms in Eqgs. (11) and
(12), but effects are visible at reionization (lower ). On the
contrary, for a(n) = sin(10zx) and a(n) = sin(1007zx), the
effects at recombination (high ¢) are quite important, while
the effects at low £ (reionization) are wiped out by the rapid
oscillations of the birefringence angle; for even faster
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oscillations, a(y) = sin(1000zx), the effects are deleted  one case a(n..) = a(ny), while in the other two cases
also at recombination. a(Nree) # a(ng). When there is a difference between

Finally (see Fig. 16), we compare three different the value of a at recombination and today, this clearly
oscillating behaviors of the linear polarization angle. In  dominates the effects on the power spectra.
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1y ~0.089, and applying the Landen transformation a
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