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If the physics behind dark energy and/or dark matter violates the parity symmetry assumed in
the standard cosmological paradigm, the linear polarization of the cosmic microwave background
(CMB) photons can rotate due to their coupling to the dark sector. Recent 3¢ hints of this ‘cosmic
birefringence’ in the E B spectrum of the CMB polarization motivates us to pursue new directions to
independently validate and characterize the signal. Here, we explore the prospects to probe cosmic
birefringence from small-scale fluctuations in the CMB using polarized Sunyaev Zel’dovich (pSZ)
tomography. We find that pSZ can be used to infer the redshift dependence of cosmic birefringence
and also help calibrate the instrumental polarization orientation. To illustrate the prospects, we
show that pSZ tomography may probe an axion-like dark energy model with masses my S 10732V
with O(0.1) degrees of rotation between reionization and recombination.

I. INTRODUCTION

The upcoming decade will see a great expansion in
our ability to infer the fundamental characteristics of the
Universe thanks to the next generation of CMB surveys,
such as the ongoing Simons Observatory [T}, 2], the up-
coming CMB-S4 [3, 4], and the futuristic CMB-HD [5] [6];
and galaxy surveys such as DESI [7], the Vera Rubin Ob-
servatory (VRO) []], and the proposed MegaMapper [9].
These surveys open a promising new window of opportu-
nity for inference through using the CMB as a back-light
and utilising the small-scale non-Gaussian information
in the CMB maps in cross correlation with galaxy sur-
veys. This program will provide the best sensitivity to
a wide range of deviations from the standard cosmologi-
cal paradigm (see e.g. Refs. [I0H25] for examples). Here,
we focus on the polarized Sunyaev Zeldovich (pSZ) effect
induced by the scattering of CMB photons off energetic
electrons in the large-scale structure [26H28] and evaluate
the prospects to probe parity-violation due to an axion-
like dark energy (or dark matter) which could change
the remote-quadrupole signal that can be inferred from
tomographic measurements of pSZ [17, [I8], 29, [30].

A pseudoscalar field ¢ such as the axion can be a can-
didate for either dark energy or dark matter [31H35] and
rotate the plane of linear polarization of photons as they
travel through space via a Chern-Simons term in the La-
grangian density, £ € —(1/4)g¢F,, F"" [36]. Here, F},,
is the electromagnetic tensor and g is the axion-photon
coupling constant. This rotation (often referred to as
“cosmic birefringence”) would lead to a non-zero odd-
parity EB and T'B power-spectra of the CMB photons
from recombination or reionization [37] (see also recent
review [38]), as well as the secondary CMB polarization
anisotropies, such as the pSZ signal, sourced at lower
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redshifts z < 6, depending on when it occurs. Recently,
there have been ~ 3¢ hints of this cosmic birefringence
[39-42] using Planck [43H45] and WMAP [46] polariza-
tion data, by which this work is motivated.

Here we show that pSZ tomography [I8, B0] allows
measurement of the cosmic birefringence angle as a func-
tion of redshift on the light cone. The way this works
is as follows: There is a CMB intensity quadrupole
at any point in the Universe induced by the Sachs-
Wolfe effect, just as there is a CMB quadrupole lo-
cally. This quadrupole has long-range coherence and
can be inferred with some fidelity from measurement of
the CMB temperature/polarization fluctuations on the
very largest scales (as may be done, e.g., by an exper-
iment like LiteBird that maps the full sky). Scatter-
ing of CMB photons by ionized electrons after reion-
ization induces a CMB polarization whose orientation
has long-range coherence but with small-scale magnitude
fluctuations induced by electron-density fluctuations on
small scales. These electron-density fluctuations corre-
late with the galaxy distribution. Thus, by matching
the small-scale polarization-magnitude fluctuations with
a galaxy-redshift survey, the contribution to the polar-
ization in any given direction can be inferred as a func-
tion of redshift (see Fig. . Cosmic birefringence will
lead to a rotation of the small-scale polarization fluctua-
tions observed relative to the orientation expected from
the largest-scale polarization pattern. The redshift in-
formation allows the degeneracy between the unknown
calibration angle of CMB detectors [47, 48] and the to-
tal rotation due to birefringence to be broken, as well as
potentially distinguishing between models with different
predictions for when rotation occurs in redshift. Here,
we find pSZ tomography may improve the measurement
of birefringence for future CMB experiments in a number
of different ways.

This paper is organised as follows. We start in Sec-
tion [[I] by discussing the phenomenology of cosmic bire-
fringence and describe the observable signature on the
CMB maps. We briefly introduce the pSZ effect and
the pSZ tomography in Section [[I, and demonstrate
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pSZ x (1 + d4) x local E polarization

FIG. 1. Small-scale fluctuations of CMB polarization mag-
nitude induced by galaxy (or electron-density) fluctuations
are shown. If the background was homogeneous, one would
see a uniform magnitude. For illustrative purposes, an arti-
ficial (not physical) background field is constructed and the
variation in polarization magnitude is amplified for a clear
visualization.

the effect of birefringence on the reconstructed remote
quadrupole field. We introduce the experimental speci-
fications we consider in our forecasts in Section [Vl We
present our results in Section [V} We conclude with a dis-
cussion in Section [V

II. COSMIC BIREFRINGENCE
A. Phenomenology

The cause of cosmic birefringence by a pseudoscalar
field ¢ can be dark energy [49], [50] or dark matter [51} 52],
depending on the effective mass of the ¢ field, mi =

d?V(¢)/d¢?. For masses lower than the Hubble constant
today mg S Ho ~ 10733eV, ¢ evolves slowly on its po-
tential V(¢) and constitutes to a dark-energy-like com-
ponent. Conversely if mg > Hy, ¢ would have entered a
regime of speedily evolving on its potential, and, for suf-
ficiently large masses mg 2 1073%eV, ¢ could approach,
overshoot, and begin oscillating about a local minima of
its potential, possibly constituting to a fraction of the
dark matter today. The ¢ field is found to be viable
candidate for all of dark energy if m, < 107%3eV [53)
with Qgh? = Qah* ~ 0.69. For the the mass range
10733eV < mg < 1072%eV, the energy density of ¢
is constrained to be Q¢h2 < 0.006 from the current
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FIG. 2. The evolution of the ¢ field as a function of redshift
z for different masses mgy. The shaded regions correspond
to epochs of reionization and recombination where the visi-
bility function g satsify g/max(g) > 0.5. The recombination
visibility function is obtained using HYREC-2 [60} 61] and for
reionization we adopt the tanh model from Ref. [62]. Cosmic
birefringence occurs when the ¢ field evolves significantly over
its potential. For axion models that are dark-energy-like, the
bulk of the rotation occurs at low redshifts after reionization.

large-scale structure and CMB measurements [54] and if
my > 10728eV, ¢ would behave like dark-matter [53) [54].

We demonstrate the evolution of the ¢ field as a func-
tion of redshift and mass in Fig. [2| Here, we have taken
the equation of motion for ¢ as

a/
"+ 22¢, +a*mie =0, (1)

where we set V(¢) = m3¢?/2 and the prime denotes
the derivative with respect to the conformal time. Note
that, however, our method can be applied to any kinds
of potential in general including recent works studying
axion-like dark energy [G5H58]. Similar to Ref. [59], we
take the ¢ field to be decoupled from the rest of the com-
ponents in the Friedmann equatioxﬂ Note that when
me < H(z) = a’/a?, the ¢ field does not evolve signif-
icantly on its potential. The birefringence o angle due
to ¢ satisfies @ = 1/2¢g [ dt d¢/dt where d¢/dt is the to-
tal derivative of ¢ along the trajectory of the photon.
In what follows, we model « as sourced both from an
axion-like ¢ field and also in a more general way to build
intuition.

B. Polarization parity-violation

We model the effect of birefringence on the E- and B-
mode polarization as

(Q' +4U")(R) = (Q +£iU)(R)e*> . (2)

1 This approximation is valid only if the ¢ energy density is small
or the mass is sufficiently small that ¢ behaves like dark energy.



The modulation of the polarization modes due to bire-
fringence caused between their emission and their arrival
to our detectors can be written as

E}p= Epm cos 2a — By, sin 2« (3)
By, = Bom cos2a + Egpy, sin 2a. (4)

The observed CMB spectra subject to cosmic birefrin-
gence are shown in Appendix@ with Egs. (A11-A15).

C. CMB calibration angle

The measurement of the rotation angle « is understood
to be subject to a systematic bias due to the miscalibra-
tion of polarization angles of polarization-sensitive detec-
tors and other instrumental effects [47 [48] [63, [64].

This artificial parity-violation results in a non-zero £ B
and T'B correlation equally on all multipoles and can po-
tentially be surmounted by taking advantage of the differ-
ent (-dependence of the Galactic-foreground polarization
emission where the latter is expected to be subject to
negligible amount of birefringence [65], for example.

Alternatively, the systematic bias could be avoided via
a tomographic approach, comparing the birefringence ex-
perienced by the reionization and the recombination sig-
nals in the CMB [59] 66]ﬂ The latter technique, how-
ever, is only sensitive to birefringence sourced between
the reionization and recombination, while the method
of using the Galactic-foreground is excepted to constrain
the calibration angle at a precision o (aca1) ~ 0.5 degrees.

In what follows we will remain model-agnostic about
the effect of miscalibration when assessing the prospects
to constrain the birefringence angle, considering a wide
range of calibration-angle priors.

III. POLARIZED SUNYAEV ZEL’'DOVICH
TOMOGRAPHY

A. The polarized SZ effect

The Stokes parameters Q and U that are measured
in observations of CMB can be mapped onto a 2-sphere
with unit vectors {9, —(}b} in the plane perpendicular to
the line-of-sight direction 7. The polarization vectors
satisfy ex(n) = (8 F i¢)/v/2. This resulting complex
CMB polarization along the line of sight takes the form,
\1/7)6 | #(xn)e X Lp(xn), (5)

Q=iU)(n) =

2 It is also worthwhile to note that the consistent modelling of
birefringence (as we do here) could lead to significant correla-
tion between the birefringence experienced by recombination and
reionization signals (due to correlated o) which may result in less
optimistic constraints compared to when the cross correlation is
ignored.

where x is the comoving distance along our past light
cone, Y = 0 is today and x. is the comoving distance
to the surface of last scattering. Here, 7 is the optical
depth of photons along the line of sight. The optical
depth at redshift z along 7 can be written as 7(yn) =
fOX dy’ dr/dx’ (x'n) where dr/dx(xn) = oran.(xn) and
or is the Thomson cross section, a is the scale factor, n.
is the comoving free electron number density. The remote
quadrupole field projected along the line of sight +p(x7)
is given by

m=2

ip(Xﬁ)E Z @2m(X'f") I2Y€m(ﬁ) (6)

m=—2

where ©s,,(xn) are the £ = 2 moments of the CMB
temperature anisotropies observed at the position yn on
our past light cone.

The local CMB temperature quadrupole gets three
contributions. These are the Sachs-Wolfe effect (SW),
due to gravitational redshifting at the surface of last scat-
tering; the integrated Sachs-Wolfe effect (ISW), result-
ing from the evolution of gravitational potential; and the
Doppler effect from the relative motion of electrons. The
CMB quadrupole observed by an electron at the line-of-
sight direction .7, satisfy

Oun(xeie) = [ P O, @)V (0), (1)
where the contributions to the CMB temperature are

9(X67n67 ) (—)SW(XEanean)

+O15W (Xes Thes )
+@Doppler(Xea ﬁe» ﬁ) . (8)
Following Ref. [17], [18] we rewrite the local CMB temper-
ature quadrupole as

d3k
@27n(Xeﬁe) = / (271_)3 qu(k)T(k‘)[gSW + gISW + gDOppler]
Vi (k) Xk, ©)

where W;(k) is the primordial fluctuations and G’s
are the kernels of contributions to CMB temperature
quadrupole. Then, the quadrupole field transfer function
AP (Xe, k) is given by

(¢
_ \f +2)!
_2 kXe

gSW + gISW + gDopplcr} (10)

A (XPv

and the angular power spectrum is given by

<pZE7:;(X6’) pgm’ (X/e)> = Cg (X€7 Xé)ééﬁ’émm’7 (11)

where

3 A
PO = [ G MY, (12
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FIG. 3. The scalar and tensor remote FE- and B- par-

ity quadrupole signals. The tensory contributions (dashed
and dash-dotted lines) correspond to tensor-to-scalar ratio of
r = 0.05. The dotted coloured lines correspond to the an-
ticipated reconstruction noises for pSZ tomography (using a
CMB-54- and a CMB-HD-like survey, as well as a futuristic
survey, latter satisfying (Ar,f0rwam = (0.1pK’,0.1")) from
our 4th redshift bin of which the median redshift is z = 0.76,
as described in the text. The pSZ tomography can utilise the
auto- and cross-correlations of the reconstructed E- and B-
mode remote quadrupole fields as well as the CMB temper-
ature and polarization on the largest scales to probe parity-
violating EB and T'B spectra as a function of redshift.

For the detailed definitions and expressions see Appendix
and Ref. [I7, [18] for derivations.

While we provide and use the expression for the remote
CMB quadrupole originated only by the scalar primor-
dial perturbations, it gets contributions from the tensor
primordial perturbations as well, if any (see [30] for ten-
sor contributions). We demonstrate the E- and B- mode
quadrupole spectra in Fig. [3] with tensor and scalar con-
tributions. Throughout the rest of this work, we will
assume no primordial tensor fluctuations.

B. Effect of birefringence on the remote
quadrupole

The remote quadrupole field satisfy
+P(R,n) ~ [(Q(R) iU (R))°™dr(A,n)*] , , (13)

where we defined fluctuations of the optical depth as
d7(n) = ornead.(n) and the subscript f refers to the
standard quadratic estimator filter that minimizes the
variance of the estimator subject to the constraint that
the estimator is unbiased once applied to the maps as
introduced in e.g. Ref. [28] and were derived for the
quadrupole in Ref. [16] for the full sky and in Ref. [19] for
the flat sky, which we omit re-driving here. The remote
kinetic quadrupole fields measured from the cross of the

CMB polarization and galaxies on small scales transform
similarly satisfying
/ .
pk. = pk cos2a — pB sin2a, (14)
pfm/: pE, cos2a + pk, sin 2a. (15)

The set of observables from cross-correlations of the tem-

plates and the reconstructed remote quadrupole are given
in Appendix |[A| with Egs. (A1-A10).

IV. FORECAST

A. Setup

In order to assess the detection prospects of cosmic
birefringence, we first define an ensemble-information
matrix as

fab:fskyz 1aC(£) C_l aC(e)
4

8[) a 6p b

ety 16)

Tr[C_

where C(£) is the covariance matrix, which we separate
into high-¢ and low-£¢ contributions, as defined in Ap-
pendix [B] Note that the low-¢ polarization signal in the
CMB is mainly sourced during the epoch of reioniza-
tion, while the high-¢ spectra are originated at recom-
bination. We calculate the low-¢ spectra for CMB E-
mode and remote quadrupole field following Ref. [I7, 18],
but when including the contribution from recombination,
we take the lensed CMB spectra (including low-¢ CP5)
from crLAss [67]. We estimate the lo-sensitivity to each
parameter as [68]

op, =\ (F i (17)

We assume noise to be diagonal in the covariance matrix.
The noises for CMB spectra are given as

00+ 1)63
N} = (AT)? exp {( SI)HSWHM}, (18)

NE = NP =2N}, (19)
with the noise amplitudes and angular resolutions given
in Table [ For pSZ tomography, we define 12 bins
equally-spaced in comoving distance between 0.1 < z < 6
and denote by a unit-norm top-hat window function

W (x, xi) where i = {1,2,...,12} vary over redshift bins.
That is, the remote quadrupole at each bin is given by

and then the angular power spectrum is given by

X pEpy
<p£Em7i pgm’7j> = Cz ! 5“’57er’ . (21)



Experiment| Planck]| LiteBIRD | CMB-S4 [CMB-HD] (0.1,0.1)
AT (uK') |80/v/2] 2.16//2 1 0.25 0.1
Orwinv 7 30’ 1.4 0.2/ 0.1
0’s <20 | £<20 | £>100 | £>100 | £>100
CMB C/’s | E,B E,B T.,E,B | T,E,B | T,E,B
Fekey 0.5 0.5  [0.03 (0.5)]0.03 (0.5)]0.03 (0.5)

TABLE I. Survey details used in forecasts. We consider two
low-¢ surveys, Planck and LiteBIRD, and three high-¢ sur-
veys, CMB-S4, CMB-HD, and more futuristic hypothetical
one which we denote as (0.1,0.1). The low-¢ CMB spectra
mainly come from the reionization epoch and the high-¢ spec-
tra pick up the main contributions from the recombination
epoch. The fqy values in brackets correspond to the sky
fraction assumed for the pSZ tomography.

Using flat-sky approximation, the reconstruction noise
for the remote quadrupole at the ith bin is given by [30]
e, v
N,

5
27 (Cy7)?

6 /fmax e
100 2 o
100 émin (27‘-) CeE/"ECKBjB Cg/!il
where Cy = Cp + Ny, {lumin: lmax } = {100, 3 x 10*}. The

binned galaxy-galaxy and optical depth-galaxy power
spectra are given by

dk
Ogg = / I+ %W(Xa Xi)bg(z)2pmm(k7X)’X_>5+;/2 :(23)

dk

T

Cpi’ :UT/£+ T
2

, (22)

(@)1 ))W (X, Xi)bg (2)

(24)

X P (K X)| :
mm( )X_>£+;1/2

where we model the galaxy bias by by(z) = 0.95/D(z)
where D(z) is the matter growth function obtained using
cAMB [69, [70], as well as the matter power spectrum
Prm(kyx). We assumed the electrons trace the total
matter so that we simply replace d, with §,,. We use the
same galaxy-galaxy angular power spectrum noise given
in [30]

1 Xmax -t
== ([ i) e
’ Ng’i Xmin

where Ng; is the number of galaxies per square radian
in the bin and a number density of galaxy which are
consistent with VRO is described by

n(2) = Nga —— <Z>zexp(—z/zo)7

26
220 20 ( )

with nga = 40 arcmin~2 and zo = 0.3.

V. RESULTS

For probing cosmic birefringence, the main advantage
of pSZ tomography is that it gives a handle on measur-
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FIG. 4. The sensitivities on each A«; which is the change in
birefringence angle between two nearby bins. The same angu-
lar resolution, Ofpwram = 0.larcmin, is used but with different
high-¢ CMB survey. Note that z; is a median redshift of i—th
bin. See Section for the parameterization.

ing the rotation angle as a function of redshift. This al-
lows (in addition to providing an additional constraining
power) in turn (1) breaking the degeneracy of the signal
with the artificial calibration angle a1, (2) allowing bire-
fringence to be probed at times succeeding reionization
and (3) identifying the redshift range at which the bulk
of the birefringence may occur. In what follows, first we
demonstrate these advantages by considering four differ-
ent scenarios for birefringence. Our goal is to highlight
the benefits of pSZ tomography both in a generic, model-
agnostic way, as well as providing forecasts specific for the
axion-like pseudoscalar field introduced above.

A. Intuition

Our ability to probe cosmic birefringence with pSZ will
clearly depend on the fidelity of the CMB and galaxy
measurements. In this section, we build intuition for
the constraining power of pSZ tomography at different
redshift bins and for different experimental choices by
considering four simple and demonstrative cosmic bire-
fringence models.

1. Sensitivity at each redshift bin
We first define a birefringence angle for each bin as

Xi
o = / d
X0

where y; is the comoving distance to the bin labeled by
i, and yo = 0. Since these angles do not form a set of

da

= 2
Xy (27)



independent parameters, we use Ac;’s instead as our pa-
rameters, which we define as the change in birefringence
angle between bin ¢ and ¢ — 1,

Xi do
Aq; = / dy —, (28)
Xi—1 dX
such  that each  Dbirefringence angle satisfies

a;=) 5 oAa; and we assume that the birefrin-
gence angle from reionization is equivalent to the
birefringence angle of the last bin, ayejo = a12. In this
way, Aq;’s form a set of independent parameters for
the information-matrix analysis and enable the pSZ
tomography to recover information on the birefringence
angle changes as a function of conformal time (or
redshift).

Fig. [f] shows the measurement sensitivity to each Aw;
from various CMB surveys used for the pSZ tomography,
with reconstruction noise satisfying Eq. . Despite
the relatively weak sensitivity of these surveys when con-
straining each Aq; individually, the Fig. 4] demonstrates
that pSZ tomography is indeed an effective method to
study the the change in birefringence angle as a function
of redshift. In general, the constraining power strongly
depends on the number of parameters in the analysis and
one would get better sensitivities if a smaller number of
parameters were needed to describe the total birefrin-
gence angle, as we explore in what follows.

2. Uniform change in the birefringence angle

If the physics sourcing birefringence is due to some
additional fundamental component of the Universe, it is
conceivable that we could model this effect without being
totally agnostic to its redshift dependence like we were
in the previous section. Here, we explore an additional
parameterization which is similar to the one in Sec.[VAT]
but with the simpler assumption that the change in the
birefringence angle is constant between two nearby bins,

Aa; = Aa = const . (29)

In this parameterization, the birefringence is defined by
a single parameter and the total rotation experienced by
photons travelling between reionization and today satis-
fies areio = NpinAa, where Ny, is the number of redshift
bins.

For this model, the value of the pSZ tomography is
clearer: As demonstrated in Fig. [l the combination of
multiple redshift bins helps breaking the degeneracy be-
tween the calibration angle ac, and ageio, as the bire-
fringence occurring at different redshifts have different
impacts on the reconstructed quadrupole fields and their
correlations with the CMB polarization (note that we
define a1 to be positively correlated with ayeio). Fur-
thermore, since the total birefringence experienced by
the primary- and reionization-CMB polarization are cor-
related (they are both factors of Aa), the combination

Constant da/dx (0ueio = 12Aq, qyee = 20A0), foy = 0.5
1.0 -

Reio + Prior [o(aca) = 0.5 deg]
B Reio + Prior [0(aca) = 0.5 deg] + Rec
Reio + Prior [o(cwa) = 0.5 deg] + pSZ
0.51t3
o0
<
~— 0.0 4
3
—051 LiteBIRD + HD
~1.04— ! . . .
-1.0 —0.5 0.0 0.5 1.0
Qreio (deg)
Constant da/dy (0reio = 12Aa, e = 20Aa), fay = 0.5
Reio + Prior [o(aca) = 0.3 deg]
0.4 B Reio + Prior [0(acal) = 0.3 deg] + Rec
Reio + Prior [o(cwa) = 0.3 deg] + pSZ
0.2 1 £eo -
o0
<
— 0.07
3
—0.21
{ LiteBIRD + (0.1, 0.1)
—0.41

T T

—0.4 —0.2 0.0 0.2 0.4
Qreio (deg)

FIG. 5. Top: LiteBIRD + HD with 0.5 deg prior on the cal-
ibration angle acai, bottom: LiteBIRD + (0.1,0.1) with 0.3
deg prior on aca1. “Reio” (“Rec”) implies the contribution to
CMB spectra at low (high) £’s from reionization (recombina-
tion) implies One can benefit from pSZ to break degeneracy
between acal and areio. However, it depends on how tight
prior one has on the calibration angle. Note that the total
angle is defined as Qreio — Qcal-

of these two signals is not sufficient to break the cali-
bration degeneracy completely. The top panel in Fig. [f]
corresponds to forecasts for a CMB-HD-like experiment,
where adding pSZ tomography can be seen to give sensi-
tivities comparable to the combination of the reionization
signal with a 0.5 degree prior on a,. Combining pSZ-
tomography with latter can also be seen to improve the
sensitivity. Finally, once a more futuristic survey sat-
isfying (AT, 0pwnm) = (0.1,0.1) is considered (bottom
panel), one can benefit even further from pSZ. While
combination of reionization and recombination signals
lead to better sensitivities compared to pSZ and reion-
ization, for example, the latter is still within a factor 2 of
the former, suggesting that pSZ tomography can poten-
tially be used as a validation tool for CMB experiments
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FIG. 6. A deeper analysis of the prospects of breaking the
calibration-angle degeneracy with pSZ-tomography. Solid
curves correspond to sensitivities including pSZ tomography
and assuming no priors on the calibration angle, as func-
tions of the noise amplitude AT (Eq. (18)). The dashed
curves correspond to including a range of calibration-angle
priors without pSZ tomography. Orange (blue) lines include
(exclude) recombination signal. The upper (lower) plot as-
sumes Planck (LiteBIRD) measurement of the reionization
peak with a CMB-S4 (CMB-HD) like beam for the small-
scale CMB polarization used in pSZ tomography. The z-axis
corresponds to the rms variance of the CMB white noise con-
sidered in pSZ tomography, while we fix the recombination
CMB noise to forecasted CMB-S4 (CMB-HD) values.

in the foreseeable future.

Fig. [f] includes a more detailed analysis of the
calibration-angle degeneracy breaking due to pSZ tomog-
raphy. The solid curves correspond sensitivities to aueio
including pSZ tomography, while excluding a calibra-
tion angle prior. The horizontal dashed lines correspond
to sensitivities from similar observables with a range of
calibration-angle priors, while excluding pSZ tomogra-
phy. The upper (lower) plot corresponds to a Planck-like

(LiteBIRD-like) measurement of the reionization peak.
In both cases we find pSZ tomography (in combination
with reionization and recombination signals) can poten-
tially probe birefringence at a fidelity comparable to hav-
ing an external measurement of the calibration angle with
0(0.1) degree precision. While it is foreseeable that the
CMB spectra from the recombination and reionization
epochs can potentially put tight constraints on the total
birefringence angle even in the absence of pSZ tomogra-
phy, here we conjecture that the pSZ tomography can be
an alternative validation tool for constraining (or detect-
ing) the cosmic birefringence with the future generation
CMB surveys, providing constraints comparable to the
former set of observables whose strength will depend on
high-precision measurements of the calibration angle.

3. Instant rotation angle o at z = za < Zreio

Recently, a pseudoscalar “axionlike” field is considered
to explain the observed cosmic birefringence angle at 3o
level [59]. As this field evolves (or rolls) over its own
potential, it rotates the axis of linear polarization. The
range of redshifts where the field evolves significantly de-
pends on its mass and potential. Here, and in the fol-
lowing subsection, we first model the field evolution in
a simple way to assess the detectability of birefringence
from such an evolution of the field. In the next section,
we will forecast on the specific scenario of an axion-like
pseudoscalar field ¢.

We begin by assuming an instant polarization rotation
sourced at some z = z, with a total ration angle a. Such
birefringence would impact the polarization produced at
larger redshifts z > z,, which corresponds to a scenario
where the bulk of the field evolution occurs at a certain
redshift z, in a short time scale. We treat z, as a free
parameter and assume fiducial angle agq = 0.3°.

Fig. [7] shows how well pSZ tomography can possibly
distinguish the redshift of birefringence occurring at z,
when LiteBIRD and CMB-HD-like CMB experiments are
considered. We find that while it may be difficult to de-
tect the redshift of birefringence to high-significance with
the next generation of CMB surveys, such as CMB-S4
and Simons Observatory, for such a model, a CMB-HD-
like experiment can use pSZ tomography to access this
information. Depending on the model, detecting the red-
shift of birefringence could give a handle on characteris-
ing the source of birefringence.

4. Constant rotation resulting total angle «, starting at
Z = Za < Zreio

Next, we consider a scenario in which the cosmic bire-
fringence occurs throughout z < z, < zyejo With constant
rotation resulting the total angle . This model corre-
sponds to a field which starts evolving at z = z, and
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the best sensitivity at bin 4 where the pSZ signal is the biggest. As we go low redshifts, the advantage from pSZ of breaking
degeneracy between a and a1 diminishes, hence we see stronger degeneracy between them and weaker sensitivities to them

at low redshifts.

continues evolving until today. We show our results in

Fig.[§

Having fixed the total angle of rotation to 0.3° like be-
fore, we find the lower net birefringence at each redshift
results in the detectability of the parameters describing
this model less promising, even if a LiteBIRD and a fu-
turistic CMB experiment with survey specifications sat-
isfying {AT, Opwum} = (0.1,0.1) are considered.

Nevertheless, we find pSZ tomography can still con-
strain birefringence sourced after reionization at the pre-
cision of sub-degree angle precision as a function of red-
shift and identify the onset of field evolution to O(1)
precision in redshift in the future.

B. Probing axion-like dark energy

As discussed in the previous sections, an axion-like
pseudoscalar field ¢ with sufficiently small mass my could
constitute all of dark energy and source cosmic bire-
fringence as it evolves through its potential. Ref. [59]
explored the possibility of using the reionization peak
and the recombination CMB in combination to probe
dark-energy-like axion models. The sensitivity of such
a tomographic analysis, however, is limited to birefrin-
gence sourced during or before reionization. As shown
in Fig. 2| for lowest axion masses that satisfy the dark-
energy-like behaviour, the bulk of the field evolution may
occur at lowest redshift ranges after reionization. Here,
we assess the prospects to probing birefringence sourced
by a dark-energy-like axion field with mass satisfying
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me < 1073%V.

In order to highlight the value of pSZ tomography, we
ask the question ‘if we detect evidence for birefringence
from comparing the reionization peak to the recombina-
tion CMB, could pSZ tomography play a role in ruling
out axion models with mass lower than a certain value?’.
Since in the absence of pSZ tomography, the effect of
birefringence on the combination of reionization and re-
combination CMB is rather weakly dependent on the ax-
ion mass, pSZ tomography can potentially have the role
of characterising the redshift dependence of the rotation,
in turn determining the mass of the axion field. Fur-
thermore, for smallest axion masses, observation of some
amount of birefringence at redshifts preceding reioniza-
tion would indicate much larger birefringence at lower
redshifts. This would be undetectable from comparing
the reionization and recombination CMB signals.

Fig.[0ldemonstrates the prospects to rule out the small-
est axion masses with pSZ tomography, if the total rota-
tion sourced between recombination and reionization is

0.5 degrees. As expected, we find that pSZ tomography
allows probing models with the smallest axion masses
(mg < 10732eV) to high fidelity due to larger total rota-
tion sourced succeeding reionization. On the other hand,
in Fig. the total rotation sourced between recombina-
tion and z = 0 is set equal to 0.5 degrees. In this latter
case, the value of pSZ tomography is less pronounced
when constraining the smallest axion masses, as the to-
tal rotation is smaller and occurs only very recently, so
that pSZ cannot capture the signal. Nevertheless, axion
models with larger mass in the range 10732 — 1073%V
can be better constrained as the bulk of the rotation is
sourced around reionization.

VI. DISCUSSION

In this paper, we have explored the prospects to probe
cosmic birefringence using pSZ tomography. We have
shown the benefits of pSZ tomography both in a generic,
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FIG. 10. The same plot as Fig. [J] but the rotation angle is
normalized to have the total angle 0.5 degrees.

model-agnostic way and also by providing forecasts for a
specific axion-like pseudoscalar field.

Taking advantage of the ability of measuring the bire-
fringence rotation angle as a function of redshift, we have
shown that pSZ tomography can break the degeneracy
between the rotation angle o and the artificial calibra-
tion angle ag,y. This implies that pSZ can be considered
as a complementary tool for constraining the calibration
angle. Here, we simply assumed the constant rate of
change of rotation angle o but our calculation could be
done with any form of da/dy, in general.

We considered two cosmic birefringence models: the
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one with the instant rotation which occurs after reioniza-
tion at certain redshift z = z, and the second one with
the constant rotation throughout z < z, after reioniza-
tion. These two models are constructed to mimic some
possible pseudoscalar field model, which would cause the
possibly detectable cosmic birefringence by pSZ. While
the prospects are not very promising, our results show us-
ing pSZ tomography could be useful to study the source
of birefringence by determining the redshift of rotation.

Finally, we considered the dark-energy-like axion
model explored also in Ref. [59], and assessed the scien-
tific value that can be added by the pSZ tomography to
a tomographic analysis discussed in Ref. [66], which uses
the difference between the recombination and reioniza-
tion CMB signals to detect and characterise birefringence
that is sourced in between. We have found that pSZ to-
mography may allow probing models with the smallest
axion masses my S 10732V to high fidelity, if the total
rotation between the reionization recombination CMB is
0.5 degrees, for example.

Note that here we have only considered the ‘primary’
contributions to the temperature quadrupole that are
leading order in perturbation theory, omitting the kinetic
pSZ that is recently discussed in Ref. [71]. The pSZ signal
gets a contribution from the transverse peculiar velocities
of electrons which induce a non-zero quadrupole at the
electron rest frame that is second order in velocity. While
this signal is around an order-of-magnitude smaller than
the pSZ signal we consider here, it can still be used to
probe fundamental physics as demonstrated in Ref. [7T].
Nevertheless, we expect the kinetic pSZ to not be a sig-
nificant source of confusion or bias for the pSZ analysis
since it has a frequency dependence different than the
CMB black-body and can potentially be removed from
maps via ILC-cleaning.

We have also ignored the optical depth degeneracy
due to mis-modelling of the small-scale electron-galaxy
cross correlation (as discussed in Ref. [72], for example).
Here, we conjecture that the combination of the kinetic
SZ tomography (see e.g. [24]), the moving-lens tomog-
raphy [20H22], as well as the FRB dispersion measure-
ments [73], will be able to determine the optical depth
bias to high precision in the future.

Overall, we find that the pSZ tomography can poten-
tially increase the measurement quality of cosmic bire-
fringence in the future; increasing the detection signal-
to-noise, determining the redshift-dependence of the ro-
tation and providing an alternative way of breaking the
calibration-angle degeneracy.
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where we define ¢, = co8(2(reio—0cal)) and s, = sin(2(yeio — Qcal)) With ayeio defined as the birefringence experienced
by polarization sourced at reionization, and the observed CMB spectra are given by

E' E’ 2 EE reio 2 EE,rec 2 BB 2 BB,rec
C; -C + Crec Oy o Ol S O , (A11)
B'B’ 2 ,~BBreio 2 EE,relo 2 BB,rec 2 EFE rec
C - CTCZ Src recC recC 9 (A12)
T'E' T E ,reio TE,rec
cl'? = ¢.C] + CrocC (A13)
4 TE,rec
CI'P = 5,CTF + 510.C1 (A14)
YA rec )
E'B’ EE.reio BB,reio EFE. rec BB,rec
CF'B'= s,0,(C! — OB 4 g oo (CEETe — 0B Breey, (A15)
Appendix B: Covariance Matrix
The low-¢ contribution to the covariance matrix satisfy,
E/! E/ a1 E /! B/ B/ B/
E'E’' E'B’ py B py B rn B py E py E pN E
cPrcpr CZE/B, CZE/B, CZE,B, CZBfB, CEB/B, CfB/B,
cpE P op® oorP ooy oo P P oty
E! _E! E! _E! E! _E! B! _E! B/ E/ B! _E!
Py P Py P1 P2y P1 PN P1 P1 P1 P2 P PN P1
C B/ 2 E/ g CEE’ E! CEE’ E! CZE’ E! CZB’ B/ CZB’ E! CZBI E!
ng Cé’z 051 P2 052 P2 Cé)N P2 051 25 052 P2 CfN 2
Clow_é = E./ ! ’ ’ '/ ’ ’ ’ ! ! ’ ’ ’ ’ (Bl)
B E/p E! E E! E E! E B/ E B! E B/ E ,
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where the high-¢ contribution is
C«g"T CTE’ Cg“B’
chiet = | op'T CE BoF'E . (B2)
OEB T CB 'E’ O@B’B'

Appendix C: The remote quadrupole moment seen by electrons

Here we provide the equations used in this work following [I7), (I8 B0]. As shown in Eq. , there are three
contributions (SW, ISW, Doppler effect) to the local CMB temperature perturbations, which are given by

3
Osw (v 1) = (2Davaee) = 5 ) Wslraee) (1)
% dD
Orsw (Xe, e, 72) = 2 / d—aw\Ili(r(a))da, (C2)
@Dopplcr(X67 The, 'ﬁ/) =n- [DU(Xdcc)v\Ili(rdcc) - D, (Xe)vq}i(re)]a (03)
where r(a) = x.n. + Ax(a)n, Ax(a) = —f da'[H(a’)a’?]71] and Dy(x) is the growth function of the potential

defined as
U(r, x) = Dy (x)¥i(r). (C4)
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This growth function and the velocity growth function D, defiend by v(r, x) = —D,(x)V¥;(r) are given by

16T+ y +9y2 + 292 — 8y — 16 [58,,, H(a) [ da’
Dy(a) = 20VI+Y ygy Y m()/ e uy (C5)
10y 2 aHy Jy (a’H(a’)/Hp)
202H(a) vy dDy(a)
D =" D C6
v(@) HQ 4+ 3y { (a) dlna |’ (C6)
where y = a/aeq. By writing the primordial potential ¥; in Fourier space, the local CMB quadrupole can be rewritten
as Eq. @D,
. d3k w T ixeked
eQm(Xene) - W\I/z(k>T(k)[gSW(k7 Xe) + gISW(kv Xe) + gDoppler(ka Xe)]yvzm<k) e °, (07)
where the kernels are given by
3\ .
Gsw (k, xe) = —4m (QD\I/(XdeC) - 2) J2(kAXdec), (C8)
e dDy .
Gisw(k o) = =57 [ da "% ja(kAx(a), (©9)
Qdec
4 ) .
gDoppler(ka Xe) = ?va (Xdec)[gj?)(kAXdec) - 2jl(kAXdec)]a (Clo)

and the transfer funcion T'(k) is given by the BBKS fitting function [74],

In[1 + 0.171x]
0.171z

where @ = k/keq and keq = GeqH (aeq). Then, using Eq. (6) and (9), the multipole coefficients can be obtained by

T(k) = [1+0.284x + (1.182) 4 (0.339z)3 + (0.49x)*] 7925, (C11)

. . . A3k .
Pl (X) =/d2ne +P(Xere) £2Y i, (Rre) Z/WM(X%)%(’C)Ym(k)a (C12)
where the remote quadrupole transfer function A} (xe, k) is
v 3 [(0+2)! je(kxe
A (xer k) = =5ty 2 [ LE2RIX) 4y (G, ) + Grsw (b xe) + Gpoppiero X)) (C13)

8V (£=2)! (kxe)?
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