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We present a formalism that incorporates hydrogen Lyman-alpha (Lyα) polarization arising from the
scattering of radiation in galaxy halos into the intensity mapping approach. Using the halo model, and Lyα
emission profiles based on simulations and observations, we calculate auto and cross power spectra at
redshifts 3 ≤ z ≤ 13 for the Lyα total intensity, I, polarized intensity, P, degree of polarization, Π ¼ P=I,
and two new quantities, the astrophysical E and B modes of Lyα polarization. The one-halo terms of the Π
power spectra show a turnover that signals the average extent of the polarization signal, and thus the extent
of the scattering medium. The position of this feature depends on redshift, as well as on the specific
emission profile shape and extent, in our formalism. Therefore, the comparison of various Lyα polarization
quantities and redshifts can break degeneracies between competing effects, and it can reveal the true shape
of the emission profiles, which, in turn, are associated to the physical properties of the cool gas in galaxy
halos. Furthermore, measurements of Lyα E and B modes may be used as probes of galaxy evolution,
because they are related to the average degree of anisotropy in the emission and in the halo gas distribution
across redshifts. The detection of the polarization signal at z ∼ 3–5 requires improvements in the sensitivity
of current ground-based experiments by a factor of ∼10, and of ∼100 for space-based instruments targeting
the redshifts z ∼ 9–10, the exact values depending on the specific redshift and experiment. Interloper
contamination in polarization is expected to be small, because the interlopers need to also be polarized.
Overall, Lyα polarization boosts the amount of physical information retrievable on galaxies and their
surroundings, most of it not achievable with total emission alone.

DOI: 10.1103/PhysRevD.101.083032

I. INTRODUCTION

Intensitymapping (IM) is a novelmethod used to study the
formation and evolution of galaxies, by statistically analyzing
the collective emission present in large areas of the sky, and at
different epochs, regardless of the number of bright (indi-
vidually detectable) sources in them [1–3] (see the recent
review by [4]). The IM methodology takes into account the
emission from the entire galaxy population, and thus, con-
trary to more traditional galaxy studies, it is not limited to the
sources above observational detection thresholds.
IM considers a broad range of frequencies and emission

lines, such as those of [C II] at 158 μm (see, e.g. [5–7]), the
CO molecule (see, e.g., [8–12]), the hydrogen 21 cm spin-
flip transition (see, e.g., [1,13–16]), or x-rays, as recently
proposed by Caputo et al. [17].
In addition to the aforementioned frequencies, the

hydrogen Lyman-alpha (Lyα) radiation is one of the main
targets of IM. Lyα emission is especially useful for studies
of cosmic reionization at z≳ 5 (see, e.g., [18,19]), but also

for studies up to the pre-reionization epoch at z ∼ 20–30
[20], and down to the peak of cosmic star formation at
z ∼ 2–3 (see, e.g., [21–23]). In these cases, Lyα is mostly
produced by young (blue) stars, and it is the brightest
emission line from star formation [24].
A particular characteristic of Lyα radiation, compared to

other emission lines, is its resonant nature. Because Lyα is
the only radiative channel allowed by quantum mechanics
between the hydrogen ground and first excited atomic
states, the absorption of a Lyα photon by a hydrogen atom
(H I) typically results in the immediate emission of another
Lyα photon. This is the well-known Lyα scattering process,
which enables the Lyα photons to transfer (diffuse) through
a neutral hydrogen medium, until the photons escape the
medium or they become destroyed by dust; see [25] for a
review. Scattering, together with other potential mecha-
nisms (see [26] for a discussion of the various processes),
contributes to the diffuse and extended Lyα emission
currently detectable with instruments such as MUSE
[27] or KCWI [28], down to surface brightness levels of
∼10−19 ergs−1 cm−2 arcsec−2, and out to several tens of
physical kpc from the center of most individual 2≲ z≲ 7*lluis.mas-ribas@jpl.nasa.gov
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star-forming galaxies and quasars, constituting the so-
called Lyα halos; see, e.g., [29–34]. The IM approach will
enable studying this faint emission far from the sources for
a large number of objects statistically, as well as the Lyα
emission arising directly from the distant intergalactic
medium, especially at redshifts z≳ 3–5, where the fraction
of cosmic neutral hydrogen gas is significant; see, e.g.,
[18–20,22,35–38].
In this paper, we focus on the polarization of Lyα

radiation around galaxies, which is another effect arising
from the scattering of Lyα photons, and that has not been
previously considered in the intensity mapping formalism.1

Because in the scattering event the Lyα photons become
polarized (see, e.g., [45]), and because scattering contrib-
utes to the extended Lyα emission around sources, a net
polarization fraction can appear in the diffuse Lyα emission
in galaxy halos. Indeed, Rybicki and Loeb [46] first noted
that high degrees of Lyα polarization, up to ∼40%–60%,
could occur around pre-reionization sources due to Lyα
radiation scattered by the neutral intergalactic gas. Later,
Dijkstra and Loeb [47] performed Lyα radiative transfer
simulations in idealized spherically symmetric expanding
H I shells, resembling the environment around high-redshift
galaxies, and showed that this polarization signal can also
be found in the halo of z ∼ 5–6 galaxies (see also [48]).
These calculations indicated that the degree of polarization
increases with impact parameter, from a few percent at the
center to a few tens of percent at large impact parameters,
and that the angle of polarization forms concentric rings
projected on the sky around the radiation source.
Observations confirming these theoretically predicted
trends were presented by Hayes et al. [49], and supported
more recently by Beck et al. [50] and Herenz et al. [51], for
a bright and extended Lyα nebula at z ≈ 3, LAB1 [52].
Unlike Lyα halos around individual galaxies, Lyα

nebulae or blobs can be powered by bright and/or multiple
sources, such as quasars or bright galaxies, and they
typically extend to distances on the order of ≳100 physical
kpc, larger than typical Lyα halos. Hayes et al. [49] found a
polarization fraction value increasing from a few percent
around the center of the brightest LAB1 region, up to
∼18% at ∼50 pkpc, beyond which the signal-to-noise ratio

did not enable precise measurements (see their Fig. 3). The
measured polarization pattern broadly agreed with the
circular (tangential) directions predicted by the numerical
models, but there are cases where the differences are
significant (see Fig. S3 in [49]). These differences are
not surprising, because the actual environment around
LAB1 is not spherically symmetric, as was the case in
the numerical work of [47], and because several sources
could contribute to the Lyα emission, as demonstrated by
the observations and simulations of LAB1 by Geach et al.
[53] (although see Trebitsch et al. [54], where their
numerical simulations favor a gravitational cooling sce-
nario driving the observations). Prescott et al. [55] per-
formed observations of another Lyα blob at z ∼ 2.6,
LABd05 [56], but their low spatial resolution enabled
them to only set an upper limit of ∼2.5% for the
polarization fraction in a single aperture with radius
∼33 kpc. More recently, Humphrey et al. [57] and You
et al. [58] have also reported Lyα polarization observations
in Lyα nebulae at z ≈ 2.3 and z ≈ 3, respectively. Their
results are in broad agreement with those found by [49].
Given the ubiquitous extended and diffuse Lyα emission

around high-redshift sources that overall covers large portions
of the sky (see Fig. 1 in [32]), it is plausible to expect also a
global Lyα polarization signal. The exact value of the degree
of polarization depends strongly on the physical properties of
the scattering medium (i.e., its bulk and turbulent velocity, as
well as its H I density). The Lyα polarization pattern (i.e., the
angle of polarization) around the sources depends strongly on
the isotropy and homogeneity of the emission and gas
distribution [59–62]. These dependences make the polariza-
tion signal very sensitive to the specific conditions of the
medium, and, as we will show, this boosts the amount of
information on galaxies and their environment retrievable
from polarization, compared to that from emission alone. The
goal of this work is to provide a first theoretical benchmark to
assess the utility of such a polarized emission, and to
investigate whether the expected signal is within reach of
current and future intensity mapping experiments.
In Sec. II below, we derive the mathematical formalism

for characterizing the global polarized Lyα signal. The
physical origin and modeling of the Lyα emission around
sources is detailed in Sec. III. The results and estimates for
the detectability are presented in Secs IV and V, respec-
tively. We discuss the case of Lyα B modes in Sec. VI,
future work in Sec. VII, and conclude in Sec. VIII.
We assume a flat (Ωk ¼ 0) ΛCDM cosmology with the

parameter values from the Planck Collaboration [63], and
use comoving units throughout unless stated otherwise.

II. A HALO MODEL FORMALISM
FOR Lyα POLARIZATION

This section describes a simple formalism for para-
metrizing the Lyα polarization signal. We use the halo
model to assess the spatial distribution of Lyα in Sec. II A,

1Previous references to polarization in intensity mapping
studies are for the case of the 21 cm radiation. Cooray and
Furlanetto [39] assessed the 21 cm polarization arising from
Zeeman splitting due to magnetic fields, and Babich and Loeb
[40] discussed the polarizing effects of Thomson scattering
during reionization on the pre-reionization 21 cm emission.
The latter effect will also be suffered by any other frequency
(IM or CMB radiation) due to the achromaticity of electron
scattering. Finally, a more recent series of papers by Gluscevic
et al. [41], Hirata et al. [42], Venumadhav et al. [43], and Mishra
and Hirata [44] have revisited the 21 cm polarization arising from
Zeeman splitting, as well as from anisotropies in the CMB
radiation, which enable the study of primordial magnetic fields
and gravitational waves, respectively.
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and derive the formalism of E and B modes for the case of
Lyα polarization in Sec. II B. We consider the case of cross-
correlations between polarization quantities in Sec. II C.
We characterize the polarization signal by considering

the four Stokes parameters I,Q, U, V. The quantity I is the
total intensity of radiation, and the parameters Q and U
relate to the polarized radiation along the coordinate axes,
and along the directions at π=4 from them, respectively.
This definition implies that the values of Q and U depend
on the choice of the coordinate system that defines them,
while I is simply a scalar quantity invariant under a change
of coordinates (we address this coordinate system depend-
ence in Sec. II B). We ignore the parameter describing
circular polarization, V, because the scattering of Lyα
radiation yields linear polarization alone when the incom-
ing radiation is noncircularly polarized, which we assume
to be the case here [45]. Derived quantities also useful for
our work are the polarized intensity, P ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ U2

p
, and

the degree of polarization (or polarization fraction),
Π ¼ P=I. For completeness, we define the polarization
angle to be 2γ ¼ tan−1ðU=QÞ.
To parametrize the spatial distribution of radiation, we

adopt the halo model formalism [64–67]. The halo model
assumes that all the matter in the universe is contained in
spherical halos, and that these halos do not overlap with
each other. The signal from the halos is characterized by the
one- and two-halo terms, which describe the contribution to
the quantity of interest from regions within the same or
different halos, respectively. For our work, this description
implies that the total power spectra of any quantity can be
simply calculated as the sum of the power spectra from the
two terms, P ¼ P1h þ P2h, as detailed in the following
section.
Below, we derive the two-dimensional (projected) halo-

model formalism for the Lyα polarization signal. In
practice, the intensity of Lyα radiation, I, could be modeled
assuming spherical symmetry around the source, which
allows one to compute three-dimensional quantities, such
as the 3D power spectrum and correlation function.
However, the other parameters characterizing the polari-
zation signal are better defined as projected onto the plane
of the sky, with a dependence on the impact parameter
distance from the center of the emission source (instead of
radial distance), and integrated along the line of sight
within the source halo.
We assume the validity of the flat-sky approximation

throughout, implying that our expressions are consistent
with the full curved-sky calculation at multipole values
l ≫ 1.

A. The 2D Lyα polarization power spectra

We start by expressing the real-space projected signal of I
and P around a halo of mass M, and at redshift z, as the
product of the total amplitude and the profile shape,
IðMÞuIðr⊥jM; zÞ and IðMÞuPðr⊥jM; zÞ, respectively.

Here, the amplitude of the intensity only depends on halo
mass (see Sec. III B), and

R
dr⊥2πr⊥uIðr⊥jM; zÞ ¼ 1,

where r⊥ is the comoving impact parameter from the center
of the halo, and uI is the intensity profile shape. Because the
polarization degree, Π, is not directly an additive quantity
(one needs to count the intervening photons instead), we do
not normalize the profile in this case and simply express the
entire signal as uΠðr⊥jM; zÞ. With these definitions, we can
then write uPðr⊥jM; zÞ ¼ uIðr⊥jM; zÞuΠðr⊥jM; zÞ, and
equivalently for the amplitude of the polarized inten-
sity, PðMÞ ¼ IðMÞ R dr⊥2πr⊥uPðr⊥jM; zÞ.
The projected Fourier transforms of these real-space

profiles are

ũfI;P;ΠgðljM; zÞ

¼
Z

∞

0

dθ2πθJ0ðlθÞufI;P;Πg
�
θ ¼ r⊥

DAðzÞ
jM; z

�
; ð1Þ

where θ is the angular distance from the center of the halo,
resulting from dividing r⊥ by the comoving angular
diameter distance, DAðzÞ, and the term J0ðlθÞ is the
Bessel function of the first kind and zeroth order.
Finally, the one- and two-halo terms of the projected

power spectra for I, P and Π are computed as (see
Appendix A in [68])2

C1h
l;fI;P;Πg ¼

Z
dz

d2V
dzdΩ

Z
dM

dn
dM

w2ðMÞjũfI;P;ΠgðljM;zÞj2;

ð2Þ

and

C2h
l;fI;P;Πg ¼

Z
dz

d2V
dzdΩ

Plin

�
k ¼ lþ 1=2

χðzÞ ; z

�

×

�Z
dM

dn
dM

bfI;P;ΠgwðMÞũfI;P;ΠgðljM; zÞ
�
2

:

ð3Þ
The term d2V=dzdΩ ¼ cχ2ðzÞ=HðzÞ is the comoving
volume element per steradian and redshift, where HðzÞ
is the Hubble parameter, the speed of light is denoted by c,
and χðzÞ is the comoving radial distance to redshift z. In the
above expressions, dnðM; zÞ=dM represents the comoving
number density of halos, which depends on halo mass and
redshift, and

2A simpleway to view these expressions is considering the usual
projection of the three-dimensional (3D) power spectra compo-
nents along the line of sight (see, e.g. Eq. (37) and Appendix A in
[69] for the case of near-infrared continuum radiation). Here,
however, the 3D halo profiles in the 3D power calculation, ũðkÞ,
with k denoting the 3D Fourier modes, are replaced by their two-
dimensional (2D) counterparts, ũðlÞ, both related under theLimber
approximation [70] as ũðlÞ ≈ ũðkÞ=χ2ðzÞ, where χðzÞ is the
comoving distance to redshift z.
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wðMÞ ¼
(
IðMÞ for ũfI;Pg;
IðMÞ
Ī for ũΠ;

ð4Þ

where Ī ¼ R
dM dn

dM IðMÞ. The use of IðMÞ=Ī for the
polarization degree is motivated by the fact that, in practice,
the polarization fraction from observations (simulations) in
a given pixel (cell) i is obtained by adding the contribution
of all halos j as Πi ¼

P
j Pij=

P
j Iij. We equate this

expression in our formalism by weighting the halos by their
intensity as Πi ¼

P
jΠijIij=

P
j Iij, where we have used

that for an individual halo Pij ¼ ΠijIij. Finally, PlinðkÞ in
Eq. (3) denotes the linear 3D matter density power
spectrum and

bfI;P;Πg ¼
8<
:

R
dM dn

dMbðMÞIðMÞ
Ī for I;P;

bðMÞ for Π;
ð5Þ

where bðMÞ denotes the bias for a halo of mass M. We
adopt an intensity-weighted bias for I and P. However,
because in our formalism the extent of Π is mostly related
to the mass of the halo through the virial radius (Sec. III B),
we simply use the halo bias in this case. Biases weighted
according to other parameters and properties, e.g., star-
formation rate, may be also appropriate depending on the
characteristics of the analysis.
An additional consideration in the power spectrum

calculation is the shot noise, or Poisson noise, that arises
from the discrete sampling of a continuous field. In our
models we assume that the Lyα emission is nearly a
continuous field, owing to the fact that although Lyα
photons are sourced by halos, the signal is diffused away
from the central source due to scattering. This extended
diffuse emission is described by the Lyα profile in our
“one-halo term,” which strictly speaking, should be
regarded as arising from the Poisson shot noise of discrete
sources convolved with the Lyα profile (see the discussion
in [71] for the case of 21 cm studies). We have tested that
the strictly defined I and P shot-noise terms overall match
the amplitudes of the respective one-halo terms of the
power spectra at large scales.
Our calculations, therefore, do not include an additional

term in the power spectra accounting for the shot noise, as
this is essentially our one-halo term. We emphasize that the
Lyα one-halo term does not explicitly encapsulate the usual
nonlinear structure of matter. However, since we use a
profile directly from observations that do not resolve small-
scale structure, some amount of contribution from faint
galaxies populating the dark matter halo may have already
been captured (see, e.g., the impact of clustered sources on
the extended profiles in [26]). We leave a more detailed
study to future work.

B. The E and B modes of Lyα polarization

We derive now the so-calledE andBmodes for the case of
Lyα polarization. These two quantities are related to the Q
and U Stokes parameters, but they allow us to obtain
polarization information in a coordinate-system-independent
manner. The E and B formalism was introduced for CMB
analysis by Kamionkowski et al. [72] and Zaldarriaga and
Seljak [73] and is briefly summarized below.
The total and linearly polarized intensities, as well as the

degree of polarization, I, P and Π, respectively, are scalar
(spin s ¼ 0) quantities, and, therefore, their values are
invariant under rotations of the coordinate system that
defines them. The Stokes Q and U parameters, however,
depend on the fixed coordinate system, and transform
under a rotation of the coordinate axes by an angle α in the
plane of the sky as

Q0 ¼ Q cos 2αþU sin 2α;

U0 ¼ −Q sin 2αþ U cos 2α: ð6Þ

Equivalently to the Stokes parameters, polarization can be
described using complex numbers, by means of the spin
s ¼ �2 fields sf ¼ ðQ� iUÞ, that transform under rota-
tions as sf0 ¼ e−isαsf. These fields are invariant under a
rotation of angle 2π=s ¼ �π, owing to the value of their
spin, but the exact value, as it was the case forQ andU, still
depends on the orientation of the coordinate system.
To avoid the dependence on coordinate system, [73]

introduced two new rotationally invariant (spin s ¼ 0)
quantities, also known as the E and B modes, that are a
combination of theQ andU parameters, but independent of
the coordinate system. In brief, E modes are scalar
quantities with similar properties as those of the divergence
of the electric field, while B modes are pseudoscalars
related to the curl of the magnetic field. The E and B
nomenclature thus arises from the respective connections to
the electromagnetic field, and the scalar and pseudoscalar
nature of the modes relies on the sign conservation, or not,
under parity transformation, respectively. We refer the
interested reader to [73,74] for the quantitative derivation
of the CMB E and B modes, and to [72] for an equivalent
approach.
To derive the astrophysical E and B modes of Lyα here,

it is convenient to make use of the small-scale limit (or flat-
sky) approximation, which assumes that the sphere denot-
ing the sky can be locally treated as a plane. This is valid in
our case, since we mostly focus on small distances (l ≫ 1),
where curvature effects are small. In the flat-sky approxi-
mation, the decomposition of a quantity into spherical
harmonics can be replaced by a simple expansion in plane
waves (see, e.g., [75]), which allows us to write the E and B
modes as a simple rotation of the U and Q parameters in
Fourier space as [74,76]

LLUÍS MAS-RIBAS and TZU-CHING CHANG PHYS. REV. D 101, 083032 (2020)

083032-4



ẼðlÞ ¼ Q̃ðlÞ cos 2ψ þ ŨðlÞ sin 2ψ ;
B̃ðlÞ ¼ −Q̃ðlÞ sin 2ψ þ ŨðlÞ cos 2ψ ; ð7Þ

where ψ represents the angle between the multipole l and
the x̂ Cartesian axis. Let us next express the Stokes
parameters in real space, by accounting for their (inverse)
Fourier transform, and considering the tangential and
parallel components with respect to the (radial) direction
toward the center of the source (i.e., Qr and Ur, respec-
tively)3 for reasons that will become clear below. For the
case of Ẽ, this new expression equates

ẼðlÞ ¼
ZZ

θdθdϕe−ilθ½QrðθÞ cos 2ϕ cos 2ψ

−UrðθÞ sin 2ϕ cos 2ψ þQrðθÞ sin 2ϕ sin 2ψ

þ UrðθÞ cos 2ϕ sin 2ψ �; ð8Þ

where θ and ϕ represent the angular colatitude and
longitude, respectively, on the sphere (note that θ and l
become θ and l because we assume spherical and circular
symmetry for the sky and projected halos, respectively).
Grouping now the Qr and Ur terms, and applying trigo-
nometric relations, we can write

ẼðlÞ ¼
Z

θdθ
Z

dϕe−ilθ cosðϕ−ψÞ½QrðθÞ cos 2ðϕ − ψÞ

þUrðθÞ sin 2ðϕ − ψÞ�: ð9Þ

The second integral above vanishes for the term containing
Ur when integrated over 2π. For the term containing Qr, it
can be expressed as a Bessel function of the first kind and
second order, J2ðlθÞ. A similar derivation, now for the case
of B̃, results in reversed surviving and vanishing Ur and Qr
terms. Thus, the final expressions for the two quantities,
and for an individual halo of mass M and redshift z, are

ẼðljM; zÞ ¼ −
Z

dθ2πθJ2ðlθÞQrðθ;MÞ;

B̃ðljM; zÞ ¼ −
Z

dθ2πθJ2ðlθÞUrðθ;MÞ: ð10Þ

The above equations show that each polarization mode is
contributed uniquely by one of the Stokes parameters,
integrated over a circle around the source, analogously to
the CMB case [74]. In detail, the expression for Ẽ
resembles that of the Fourier transform of uP in Eq. (1),
but with J2ðlθÞ instead of J0ðlθÞ. This Bessel function
term is the only difference between the final expressions for

the power spectra of P and Ẽ, and it gives rise to the
different power spectra for these quantities displayed
in Sec. IV.
Finally, the Lyα Ẽ and B̃ modes just derived above can

be used to obtain two additional power spectra for
polarization, similarly as for I, P andΠ, via the expressions

C1h
l;fẼ;B̃g ¼

Z
dz

d2V
dzdΩ

Z
dM

dn
dM

jfẼ; B̃gðljM; zÞj2; ð11Þ

and

C2h
l;fẼ;B̃g ¼

Z
dz

d2V
dzdΩ

Plin

�
k ¼ lþ 1=2

χðzÞ ; z

�

×

�Z
dM

dn
dM

bIfẼ; B̃gðljM; zÞ
�
2

: ð12Þ

Here we have not included the term w, because the
amplitude is incorporated into Ẽ and B̃ through Qr and
Ur [Eq. (10)], respectively, and we have considered the
intensity-weighted bias.

C. The cross-correlation power spectra
of Lyα polarization

One can further calculate the cross power spectra
between the Ẽ, I, P and Π parameters, because all these
quantities have even parity. The cross power between B and
any of the other quantities, however, is identically zero
because B changes sign under parity transformations [78].
The cross power for two distinct X and Y polarization

quantities is computed as

C1h
l;XY ¼

Z
dz

d2V
dzdΩ

Z
dM

dn
dM

wXðMÞjũXðljM; zÞjwY

× ðMÞjũYðljM; zÞj; ð13Þ

and

C2h
l;XY ¼

Z
dz

d2V
dzdΩ

Plin

�
k ¼ lþ 1=2

χðzÞ ; z

�

×

�Z
dM

dn
dM

bXwXðMÞũXðljM; zÞ
�

×

�Z
dM

dn
dM

bYwYðMÞũYðljM; zÞ
�
; ð14Þ

where w ¼ 1 for Ẽ.

III. Lyα POLARIZATION IN GALAXY HALOS

This section details the nature and characterization of the
polarized Lyα emission around galaxies. In Sec. III A, we
summarize the theoretical aspects of Lyα polarization in
astrophysical (galaxy) environments. Then, in Sec. III B,

3We use the nomenclature Qr and Ur here because of the
similarities with the gravitational lensing approach, where these
quantities describe the tangential and cross components of the
shear, respectively (see, e.g., [77]).
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we describe the modeling of the Lyα emission profiles used
in our calculations.

A. Introduction: Lyα scattering and polarization

The scattering process of Lyα radiation is constituted by
the absorption and subsequent reemission of photons by
neutral hydrogen, H I, atoms. Considering the typical
temperature of the neutral hydrogen gas of T ¼ 104 K,
the probability for a Lyα photon to be absorbed (scattered)
depends mostly on the hydrogen column density, NHI,
through the optical depth, and on the position of the photon
within the line profile, defined by a dimensionless variable
x, as [79]

τx
τ0

¼ a
π

Z
∞

−∞

e−y
2

dy
ðy − xÞ2 þ a2

¼
(
∼ex2 core;

∼ affiffi
π

p
x2 wing;

ð15Þ

where x ∼ 3 separates the line core and thewings [47]. Here,
x≡ ðν − ν0Þ=ΔνD, with ν denoting the photon frequency,
and where ν0 ¼ 2.47 × 1015 Hz is the Lyα resonance
frequency. The term ΔνD ≡ ν0vth=c is the thermal or
Doppler line width, and vth ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT=mp

p
is the thermal

velocity of the hydrogen atoms, where kB and mp are the
Boltzmann constant and the proton mass, respectively.
Finally, a ¼ A21=4πΔνD ¼ 4.7 × 10−4ðvth=13 km s−1Þ−1
is the Voigt parameter, where A21 ¼ 6.25 × 108 s−1 is the
(spontaneous deexcitation) Einstein A coefficient for the
Lyα transition, and

τ0 ¼ 5.9 × 106
�

NHI

1020 cm−2

��
T

104 K

�
−0.5

ð16Þ

denotes the optical depth at the line center. In summary,
Eq. (15) implies thatwhenLyα photons reach thewing of the
line profile, they have a high (low) probability to escape (be
absorbed by) the neutral medium that they inhabit.
In the scattering process, the thermal motion of the

atoms, and the possible additional velocity component from
the bulk motion of the medium that these atoms inhabit
(e.g., galactic inflow or outflow), introduce a Doppler shift
in the photon frequency and, therefore, a change in the
photon energy measured before and after scattering in the
observer frame. As a result of this effect, the Lyα photons
undergo scattering events in the neutral hydrogen medium
until the Doppler shift places them far enough in the wings
of the line profile that they escape the medium freely. The
escape of Lyα photons from an optically thick medium
typically occurs after ∼τ0 scattering events [80,81].
In the scattering event, the Lyα photon acquires a degree

of polarization that depends on the angle of scattering, β,
defined by the directions of the incoming and outgoing
photons, and the position of the photon within the line
profile as [47]

ΠðβÞ ¼
8<
:

sin2 β
11
3
þcos2 β

core;

sin2 β
1þcos2 β wing:

ð17Þ

The expressions above show that wing scattering, equiv-
alent to Rayleigh scattering [82], can introduce a degree of
polarization about three times larger than that in the core
(described by the superposition of Rayleigh and isotropic
scattering [83,84]) and as high as 100% for a scattering
angle of β ¼ π=2 [45,59]. Therefore, because wing scatter-
ing also implies a high escape probability, the observed
scattered Lyα radiation can carry a large (detectable) degree
of polarization.
Dijkstra and Loeb [47] performed Lyα radiative transfer

calculations in a spherically symmetric outflowing H I shell
of fixed column density around a central source, represent-
ing an idealized environment surrounding star-forming
galaxies at high redshift. They found two results especially
relevant to our work: (i) the angle of polarization is perpe-
ndicular to the impact parameter vector connecting the
radiation source and the point of last scattering—before the
photons escape the medium toward the observer. (ii) The
degree of polarization increases with impact parameter,
from a few percent at the center of the galaxy, up to tens of
percent at larger projected distances. The exact polarization
fraction values at large distances depend strongly on the
column density of the scattering gas, and they fluctuate
between ∼20% and ∼40% for typical galaxy columns of
logðNHI=cm−2Þ ¼ 19 and logðNHI=cm−2Þ ¼ 20, respec-
tively [47]. The increase of the degree of polarization with
impact parameter can be understood by considering the
effective angle of scattering of photons observed at a given
distance. Radiation observed at the center of the source is
mostly contributed by photons that have an effective
(almost) null or π (backscattered) scattering angle, resulting
in low levels of polarization due to the angular dependence of
the polarization degree [Eq. (17)]. Radiation observed far
from the center generally has scattering angles closer to π=2,
where the polarization is maximized (see Fig. 1 in [85]). The
dependence on column density is a consequence of the
number of scattering events before the escape of the Lyα
photons. Large column densities, logðNHI=cm−2Þ≫20,
result in many scattering events, which yields to a more
isotropic radiation field and, in turn, reduces the overall
polarization (see, e.g., [59]). When the column densities are
small, logðNHI=cm−2 ∼ 18–19), a few scattering events per
photon occur and thus the average polarization value is
closer to the values introduced by thewing scattering prior to
the escape of the photons (see, e.g., [86]). The velocity of the
gas has a similar effect on the degree of polarization as the
column density. High velocities produce largeDoppler shifts
and therefore many photons scatter in the wings of the line
profile in the first scattering event. This introduces high
polarization and high probability of escape. Finally, the sign
of the velocity vector (inward or outward) makes no
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difference for this effect, so outflows and inflows contribute
the same to the polarization of the radiation field [47].
In summary, Lyα scattering in a spherically symmetric

outflowing medium around an isotropic radiation source
will result in an increasing degree of polarization with
impact parameter, with values that give information about
the column density and the motion of the gas, and with the
polarization angle perpendicular to the radius vector
between the center and the last-scattering position. We
model the polarization around galaxies following this
idealized scenario in the following section.

B. Extended Lyα emission modeling

We describe here the modeling of the extended Lyα
emission in galaxy halos. Traditional intensity mapping
studies typically model the one-halo term with shot noise,
but we show in Sec. IVA that using a realistic one-
halo term is important when considering polarization.
Furthermore, Visbal and McQuinn [38] showed that the
resonant nature of Lyα radiation results in extended
emission at high redshifts that can yield inaccurate shapes
of the power spectra when not taken into account.
In Sec. III B 1 below, we detail the calculation of the

projected profile for the total Lyα emission in halos, and we
present the calculations for the profile of the polarization
fraction in Sec. III B 2. In Sec. III B 3, we detail the halo-
mass function and the relation between halo mass and
luminosity used in the calculations. Spherical symmetry
around the sources is assumed in all cases.

1. Projected profile for the total Lyα emission

For the projected total Lyα emission, we use the
analytical surface brightness profile shape derived in
[87,88] for a galaxy at the center of the halo. This profile
shape is based on the numerical simulations of the H I

distribution around Lyman break galaxies at z ∼ 3 by
Rahmati et al. [89]. In [88], we showed that this profile
broadly matched the observed extended Lyα surface bright-
ness profiles of Momose et al. [90] at redshift z ¼ 5.7, and
the (compact) Lyα profiles of Jiang et al. [91] at z ¼ 5.7
and z ¼ 6.6. We explore the impact of variations in the
general profile shape used here in the Appendix, but we
leave more detailed calculations considering the possible
dependence of the profile shape on halo mass and redshift
to future work using numerical radiative transfer and
cosmological simulations.
The Lyα surface brightness profile shape is expressed as

SLyαðr⊥Þ ∝
Z

∞

r⊥

rdrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 − r2⊥

p fcðrÞfionescðrÞ
1

4πr2
: ð18Þ

Here, the integral is over the Lyα emission along the line of
sight at a given impact parameter r⊥, the term 1=4πr2 is the

geometric dimming effect, and fcðrÞ, and fionescðrÞ ¼
exp ½− R∞

0 fcðrÞdr�, are the radial H I covering factor,
and the escape fraction of ionizing photons, respectively.
In detail, the term fcðrÞ denotes the number of H I gas
clumps along a differential length at a distance r from the
center of the source, and it is obtained after applying an
inverse Abelian transformation to the two-dimensional
neutral gas covering factor in [89] (see [92] for details
in the calculations, and the dashed curves in Fig. 1 of [88]
for a visualization of these profiles). For the current
calculation, we disregard the potential impact of the origin
of the Lyα emission, i.e., fluorescence in this case, on the
polarization signal (see [26] for a discussion on these
origins). We simply use this profile shape because it is
consistent with observations, and assume that the Lyα
photons result in the polarization profile described below.
Future radiative transfer simulations will explore depar-
tures from this idealized case.
Finally, the Lyα intensity profile can be written as

uIðr⊥jM; zÞ ¼ SLyαðr⊥ÞR∞
0 2πr⊥dr⊥SLyαðr⊥Þ

; ð19Þ

where the denominator acts as a normalization constant.
Although the intensity profile can depend on halo mass and
redshift, note that, with this derivation, the profile is
independent on these quantities. The left panel in Fig. 1
shows the resulting normalized profile, where the dashed
line denotes the position of the virial radius, for reference.

2. Projected profile for the polarization fraction

Wemodel the projected profile of the polarization degree
around the halos as a linear increase with impact parameter,
followed by a steep decrease after peaking at the virial
radius, as

uΠðr⊥jM; zÞ ¼ Πmax ×

( r⊥
rvir

r⊥ ≤ rrvirðM; zÞ;
e½1−ðr⊥=rvirÞ5� r⊥ > rrvirðM; zÞ;

ð20Þ
where Πmax ¼ 40% is the maximum polarization fraction
value at the virial radius, and rvirðM; zÞ introduces the
dependence on halo mass and redshift. The exact depend-
ence on impact parameter is set arbitrarily, and variations
are explored in the Appendix. However, the shape and
maximum polarization fraction value for this profile agree
with those found in the radiative transfer simulations of
[47,48]. Furthermore, the profile is also broadly consistent
with the simulations and observations of the polarization
degree around the giant Lyα nebula LAB1 [52] by [54,49],
respectively. The right panel of Fig. 1 illustrates this
polarization fraction profile with impact parameter.
A strong assumption in our model is the sharp cutoff of

the polarization signal at a given impact parameter. In
reality, the polarization signal will extend out in the halo as
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long as the scattering of Lyα photons exists. At large
impact parameter, however, the number of photons is
largely reduced, the exact number depending on the slope
adopted for the surface brightness, and only a few photons
will contribute to the polarization signal. We explore the
impact of a flat surface brightness profile, different values
for the position of the cutoff, as well as a smoother cutoff
slope in the Appendix. Overall, as we will show, these
changes have little effect on the one-halo terms of the
power spectra ofΠ. In detail, the peak of the one-halo terms
can be broader or narrower, but it is always well resolved at
large multipole values. This is because the sharp shape of
the one-halo terms at large l arises mostly from the fact that
the polarization fraction profile increases with impact
parameter, contrary to the case of the surface brightness
for which the signal decreases with distance. The sharp
cutoff only impacts the shape of the low-multipole side of
the power spectrum peaks.

3. Halo mass and luminosity relation

For our calculations, we use the Tinker et al. [93]
comoving halo-mass functions, covering the mass
range 8 ≤ logðM=M⊙ h−1Þ ≤ 15.
To relate the halo mass and the Lyα luminosity, we use

the expression derived by Inoue et al. [94],

LLyαðMÞ
1042 erg s−1

¼
�

M
1010 M⊙

�
1.1
�
1 − exp

�
−

10M
1010 M⊙

��
;

ð21Þ

illustrated in Fig. 2, and where the halo mass,M, now does
not carry the reduced Hubble constant term. We use this
expression for all redshifts in this work, although it was
derived regarding observations at 5≲ z≲ 7. Finally, the
term IðMÞ in the power spectrum equations corresponds to

IðM; zÞ ¼ LLyαðMÞ
4πð1þ zÞ ; ð22Þ

which gives rise to the units for the νIν power spectra. The
term ð1þ zÞ−1 disappears when considering the specific
intensity power spectra, Iν.
Our formalism assumes that all the Lyα photons pro-

duced via Eq. (21) will be observed, i.e., it ignores the
effect of the escape fraction of Lyα photons. However, in
our model, only dust contributes to the escape fraction
value, not neutral gas. The neutral hydrogen gas can diffuse
the Lyα emission far from the source via scattering, but the
number of Lyα photons is conserved, contrary to the case of
dust where the photons are mostly destroyed. Therefore,
the use of Lyα escape fraction values that arise from
measuring the removal of photons along the line of sight
covering the central regions of galaxies should be avoided.

FIG. 1. Projected profiles for the normalized total Lyα intensity (left), and the polarization fraction (right), with impact parameter. The
vertical dashed lines denote the position of the virial radius.

FIG. 2. Redshift-independent relation between halo mass and
Lyα luminosity described by Eq. (21). Note that the halo mass in
this panel does not include the reduced Hubble constant term.
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For simplicity, we have also ignored the potential effect
from a galaxy duty cycle. Because Lyα arises mostly from
young stars, this effect may be considerable for massive
halos with old stellar populations (see, e.g., Ouchi et al.
[95]). Similarly, the effect of varying star-formation rates
and efficiencies with redshift, as well as the dispersion
around the mean values, could be important (see, e.g.,
[94,96,97]) but it is not accounted for in Eq. (21). We defer
more detailed calculations to future work.

IV. RESULTS

This section presents the power spectra obtained with the
formalism described above. In Sec. IVA, we show the
power spectra obtained with our fiducial profile models.
The distribution of halo masses contributing across red-
shifts, and for various multipoles, is presented in Sec. IV B.

In Sec. IV C, we extract information about the polarization
fluctuation in halos, and we show the cross power spectra
for the fiducial models in Sec. IV D
For the calculations below, we consider a redshift depth

of Δz ¼ 0.5, and assume that the redshift-dependent
quantities are constant over this range. We note that this
assumption is less valid at high redshifts, where the
quantities evolve more rapidly with time, but we adopt it
here for simplicity.

A. Power spectra of Lyα polarization

Figure 3 displays the power spectra for the Lyα polari-
zation quantities I, P, Π, and Ẽ, at redshifts z ¼ 3, 5, 7, 9,
11 and 13, and for the fiducial parameters described in
Sec. III B. By construction, the B mode signal is null in our
formalism (see Sec. VI). The figure shows that the spectra

FIG. 3. From top to bottom and left to right, the panels show the power spectra for the Lyα (total) intensity, I, polarized intensity, P,
polarization degree, Π, and Ẽ modes at redshifts z ¼ 3, 5, 7, 9, 11 and 13. The signal from B modes is null by construction in our
formalism. The sums of the one- and two-halo terms are denoted by the solid lines, and the two-halo terms are represented by the dashed
ones. The power spectra of Π and Ẽ present sharp features (peaks or knees) whose positions depend on redshift. These peaks are related
to the average size of the halos dominating the signal at a given redshift, while I and P mostly only change the amplitude with redshift.
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of the quantities Π and Ẽ yield more information on the
halo population than that accessible by I alone, due to the
peaks (or knees) present in the power of these quantities
(solid lines). The position of the one-halo peaks for Π
varies with redshift, from l ∼ 104 at z ¼ 3 to l ∼ 105 at
z ¼ 13. The peak position indicates the average size of the
halos dominating the power. Because there are few massive
halos at high redshift, the power peaks at high l values
(small distances), while the increasing number of massive
halos when decreasing redshift shifts the peak toward lower
multipoles. Thus, the measurement of the peak position at a
given redshift reveals the mean halo size (and in turn mass)
dominating the polarization signal, provided that other
potential effects are known. The position of the knees in the
power spectra of Ẽ is also related to the average size of the

halos, although this relation is complex due to the Bessel
function term in Eq. (10). None of these measurements is
possible with intensity alone.
In the Appendix, we address the impact of variations in

the fiducial model parameters on the power spectra of the
polarization quantities. We test changes in the spatial extent
of the polarization signal, and in the intensity and polari-
zation profile shapes. In general, these variations result in
changes in the amplitudes of the power spectra, as well as in
the positions of the peaks. Different behaviors are observed
for different quantities and redshifts, which indicates
that the analysis of various quantities and redshifts could
be used to constrain the shape and extent of the real-
space profiles more reliably than with one quantity (e.g.,
intensity) alone (see [98] for a methodology to extract

FIG. 4. Halo mass contribution to the Lyα polarization quantities at redshifts z ¼ 3 (yellow), z ¼ 7 (dark red), and z ¼ 11 (blue), and
at l ¼ 103 (solid lines), l ¼ 2 × 104 (dashed lines), and l ¼ 3 × 105 (dot-dashed lines). In general, the distributions shift toward lower
halo masses as redshift increases due to the lower number of massive halos at early cosmic times. For the case of intensity, halo masses
contribute equally to all l in our models by construction and, therefore, differences between masses are not observed. The contribution
of different halo masses to different multipoles is most significant for the quantities Π and Ẽ.
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physical—small-scale—information from the intensity
mapping power spectra).
The comparisons in the Appendix show that the slope of

the surface brightness profile in the halos is a crucial
parameter for extracting polarization information from the
power spectra. When the surface brightness profile is very
steep, variations in the polarization profile (especially at
large impact parameters) have little effect on the overall
power spectra, because they are contributed by a small
number of photons. This implies smooth one-halo peaks in
general, for quantities other than Π. Variations in the
polarization profile are most visible as effects in the power
spectra of the polarization quantities when many photons
contribute to the scales of interest. This occurs for surface
brightness profiles that remain significantly flat out to the
impact parameters corresponding to those scales. Large
neutral gas regions illuminated by (various) bright sources,
such as Lyα blobs or nebulae (see, e.g., [53]), as well
as galaxy overdensities (see, e.g., [99,100]), can keep
extended and slowly decreasing surface brightness profiles,
while isolated galaxies are expected to have steeper slopes,
similar to our fiducial calculations (see, e.g., [31]).

B. Halo mass distribution across redshift

We assess here the halo masses that dominate the power
at given multipoles and redshifts. For this calculation, we
consider only the one-halo term, since it dominates the
power at high l values, where the peak of the power occurs
in most cases. The halo-mass dependence is obtained via
the partial derivative

d lnClðzÞ
d lnM

≡ M
ClðzÞ

dClðzÞ
dM

¼ M dn
dM w2ðMÞjfũ; Ẽ; B̃gðljM; zÞj2R

dM dn
dMw2ðMÞjfũ; Ẽ; B̃gðljM; zÞj2 ; ð23Þ

where ũ≡ ũfI;P;Πg, and w is the same as in Eq. (4), with
w ¼ 1 for Ẽ and B̃.
Figure 4 shows the halo-mass distributions for the

polarization quantities at three multipole and redshift
values, l ¼ 103, l ¼ 2 × 104, and l ¼ 3 × 105, and
z ¼ 3, 7 and 11, respectively. Overall, the distributions
peak at higher halo masses when decreasing redshift,
reflecting the increase in the number of massive halos at
low redshift dictated by structure formation. The signal at
high multipoles is dominated by less massive halos, due to
the relation between halo mass and extent of the polari-
zation signal in our formalism. This is most visible for the
quantities Π and Ẽ, whose power spectra in Fig. 3 was
already related to the average halo mass through the
position of the peaks (knees) with redshift. For the case
of intensity there is not dependence on multipole, because
the normalized profile shape of intensity is independent of
halo mass by construction in our formalism.

C. Polarization fluctuations in halos

We assess now the polarization information that can be
retrieved from the ratio between the power spectra of
P and I.
Let us consider here the halos as polarized point sources

in the limit l → 0, where the power spectra of the one-halo
terms are approximated by those of the shot (Poisson)
noise. In this case, the shot-noise power spectra for I and P
are proportional to [101]

Cshot
l;I ∝

Z
dM

dn
dM

jIðMÞj2; ð24Þ

and

Cshot
l;P ∝

Z
dM

dn
dM

jPðMÞj2; ð25Þ

respectively. Similarly, the P power spectrum for the halos
with polarization fraction Π can be expressed as [102]

FIG. 5. Ratio between the power spectra ofP and I at the redshifts
of our calculations.From top tobottom, the lines denote the redshifts
z ¼ 13, 11, 9, 7, 5, 3. The solid lines denote the square root of the
ratio, and the dashed lines account for the case of the one-halo terms
alone. The dotted horizontal lines show the square root of the ratio
between the shot-noise power of P and I, i.e., hΠ2i1=2, which
denotes the rms of the polarization fluctuation in halos. This ratio
broadly compares to the one-halo termvalues in the limitl → 0, the
differences arising from assuming a polarization fraction per halo
independent on halo mass. The increase of hΠ2i1=2 with redshift is
due to the more compact signal (less number density of massive
halos) at earlier times. The steepness of the decay of the one-halo
terms with redshift is an indicator of the distribution ofΠ values. At
high redshifts, most halos are small, and thus the distribution ofΠ is
narrow, which yields a steep slope. Instead, a broader distribution of
halo sizes and, therefore, of Π values at lower redshifts, results in a
smoother decay of the ratio. The same dependence on halo sizes can
be inferred from the position from where the one-halo terms begin
their rapid decrease toward high l values.
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Cshot
l;P ðΠÞ ∝ Π2

Z
dM

dn
dM

jIðMÞj2; ð26Þ

where we have assumed that PðMÞ≡ ΠIðMÞ, with Π independent on halo mass. Then, the power spectrum of the entire
distribution of polarization fraction values, PðΠÞ, equates

FIG. 6. Cross power spectra for the polarization quantities I, P, Π, and Ẽ, and for the fiducial model parameters.
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Cshot
l;P ¼

Z
1

0

PðΠÞCshot
l;P ðΠÞdΠ ¼ hΠ2iCshot

l;I ; ð27Þ

where hΠ2i denotes the mean squared value of the
polarization fraction in halos. Thus, the ratio of the one-
halo term power spectra of P and I in the limit l → 0 gives
information about the polarization fluctuation in the entire
halo population.
Figure 5 shows the ratio between the power spectra of P

and I at the redshifts of our calculations, from top to
bottom, z ¼ 13, 11, 9, 7, 5, 3. The solid lines denote the
square root of the ratio, and the dashed lines represent the
one-halo terms alone. The dotted horizontal lines show
the square root of the ratio between the shot-noise power of
P and I [Eq. (27)], i.e., hΠ2i1=2, which is the rms
fluctuation of polarization fraction values between halos.
For the case of measured power spectra, the value of
hΠ2i1=2 can be estimated from the flattening of the one-halo
terms, where the dashed lines approximate the dotted lines.
The differences between the flattening of the one-halo term
and the ratio of power spectra arises from our assumption
that the halo polarization fraction is independent on the
halo mass. The increase of fluctuations with redshift, from
hΠ2i1=2 ∼ 0.01 at z ¼ 3 to hΠ2i1=2 ∼ 0.1 at z ¼ 13, arises
from the smaller average halo size at early times than at low
redshift. In our formalism, the polarization fraction
increases quickly with impact parameter in small sources
because of the small virial radius [Eq. (20)], and it is more
sensitive to variations of this slope, and in turn of the halo
mass. The reduced variation of hΠ2i1=2 at high redshifts
indicates that the distribution of halo sizes is similar at these
epochs, while the distribution of halo sizes evolves more
rapidly at low redshift.
Additional information can be inferred from the slope of

the decay of the one-halo terms toward high multipoles in
Fig. 5. A steep decay, or a pronounced knee, signals that the
polarization degree profiles are similar for the entire halo
population. The steep decay of the power at high redshift
indicates that the halos have a narrower size distribution
compared to low redshift, where the decay shape is
smoother. Note that this redshift evolution arises due to
the dependence of the polarization fraction signal with halo
size, through the virial radius, in our formalism. Finally, the
position of the knee in the one-halo term of the power
spectra can be used as an estimator of the average size for
the polarization signal, similarly to the case in the auto
power spectra of Π and Ẽ previously discussed in
Sec. IVA.

D. Cross power spectra of Lyα polarization

Figure 6 shows the cross power spectra between the
quantities I, P, Π, and Ẽ, taking into account the fiducial
model parameters. Overall, the cross power spectra that
consider the polarization fraction, Π, present the sharpest

peaks in the one-halo terms, which makes their identifica-
tion easier than in other cases. Furthermore, the position of
the peaks changes with redshift, which indicates that the
position is connected to the average size of the polarization
signal, i.e., the dominant size of the halos in our formalism.

V. DETECTABILITY ESTIMATES

We perform calculations for the detectability of the Lyα
polarization signal below, and we discuss the impact of
foregrounds in Sec. VA.
This section presents estimates on the detectability of the

power spectra, assuming that the signal is Gaussian, for
simplicity. In practice, the signal may be highly non-
Gaussian due to the small (nonlinear) galaxy scales where
the polarization is maximized. In this later case, a full
covariance matrix calculation would be required (see,
e.g. [103]).
For a Gaussian statistic, the S/N can be computed

following [104] as

S=N2ðlÞ ¼ Cl
2

ðΔClÞ2
; ð28Þ

where

ðΔClÞ2≡VarðClÞ¼
2

2lþ1

1

fsky
ðClþw−1el

2σ2bÞ2: ð29Þ

The first summand in the above expression describes the
sample (cosmic) variance, and the second one represents
the instrumental (thermal) noise, where Wl ¼ el

2σ2b is the
window function for a Gaussian beam of size σb, and fsky
denotes the fraction of the sky covered by the observa-
tions.4 The term

w≡ ðσ2pixΩpixÞ−1 ð30Þ

represents a weight per solid angle, and σpix andΩpix are the
pixel uncertainty and solid angle, respectively. The pixel
uncertainty can be calculated as

σpix ¼
sffiffiffiffiffiffiffi
tpix

p ; ð31Þ

where tpix ¼ ðNfeedsΩb=4πfskyÞtsurvey is the observing time
per pixel, with Nfeeds denoting the number of spectro-
polarimeters (spatial channels) simultaneously observing
the sky, and tsurvey is the total observing time of the

4The inclusion of the term denoting the fraction of sky covered
by the survey, f−1sky, is valid as long as the sampling of the spectra
accomplishes a binning of size Δl ≳ 2π=Θ, where Θ is a linear
dimension of the observed field [105].
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experiment.5 The numerator in Eq. (31) describes the
sensitivity, and can be accounted for via the noise equiv-
alent flux density (NEFD) as [98]

s ¼ NEFD
Ωb

; ð32Þ

where

Ωb ¼ Θ2
FWHM ¼ ð2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σbÞ2 ð33Þ

denotes the beam solid angle, and ΘFWHM describes the full
width at half maximum for the beam.
For the case of the polarization degree, Π, we calculate

the uncertainty by accounting for the propagation of the
uncertainties in I and P as

ΔCl;Π

Cl;Π
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ΔCl;P

Cl;P

�
2

þ
�
ΔCl;I

Cl;I

�
2

s
: ð34Þ

This is motivated by the fact that, in practice, Π will be
derived from the separate measurements of these two
quantities. This approach yields an uncertainty higher by
a factor ∼1.5 compared to that from simply using Eq. (29).
We estimate the sensitivities required to detect the

polarization signal, and compare them to the sensitivity
levels of real ground- and space-based instruments. The
ground-based case is compared to the HETDEX experi-
ment [106], and the space-based estimate considers CDIM
[107]. None of these instruments, however, are (presently)
designed to perform polarization observations.
Briefly, HETDEX is a ground-based experiment, equi-

pped with a spectrograph and 150 integral field units (IFUs
[108]), that will perform a blind wide-field spectroscopic
survey. HETDEX is expected to detect ∼0.8 million LAEs
in the redshift range 1.9 < z < 3.5, and over an area of
∼400 deg2 on the sky for three years. However, Fonseca
et al. [109] already noted that HETDEX can also be used
for Lyα intensity studies, because the IFUs will take data
from several patches of the sky blindly, i.e., regardless of
the number or position of known Lyα sources in them. This
data, therefore, will contain a number of bright sources, but
will also include the faint diffuse emission from undetected
and/or extended objects that are the target of intensity
mapping. Furthermore, the sensitivity of HETDEX is

designed to detect the Lyα emission line flux at high
spectral resolution, i.e., over a redshift depth ofΔz ≈ 0.006,
in order to resolve the Lyα line profile. Because this high
spectral resolution is not required for intensity studies (e.g.,
we consider here Δz ¼ 0.5), in practice, we can add the
flux from many spectral HETDEX bins and thus reduce the
pixel uncertainty, σpix, by a factor of

ffiffiffiffiffiffi
Nz

p
≈ 9, where Nz is

the number of spectral bins.
CDIM is a proposed intensity mapping space observa-

tory designed to study the epoch of cosmic reionization
via the Lyα emission in the wavelength range 0.75≲
λ=μm≲ 7.5, covering a sky area of ∼300 ð∼15Þ deg2 for
a wide (deep) survey, and with a spectral resolution
of R ¼ 300.
Table I quotes the parameters adopted for our calcu-

lations with a hypothetical ground-based Lyα polarization
experiment, Lyapol-G, and a space-based experiment,
Lyapol-S. The first column refers to the experiment, and
the second column is the spectral resolution assumed in the
calculations. The third column quotes the pixel uncertainty
resulting from the observing times and individual charac-
teristics of the experiments at the redshift of Lyα stated in
the fourth column. The fifth and sixth columns are the pixel
and beam solid angles, respectively. The fraction of the sky
covered by the surveys is quoted in the seventh column.
Overall, the sensitivities quoted in the third column of
Table I are a factor of ∼10 (for Lyapol-G) and of ∼100 (for
Lyapol-S) higher than the nominal values of HETDEX and
CDIM, respectively. Although the total intensity can be
detected at the nominal values for these instruments, we
show that the higher sensitivities are required to reach the
polarization signal in a broad redshift range. We have also
reduced the pixel and beam sizes for Lyapol-S compared to
the case of CDIM in order to achieve the small physical
scales where the polarization power is significant at high
redshifts.
Figure 7 displays the uncertainties for the fiducial power

spectra of Fig. 3 at redshifts z ¼ 3 (yellow lines) and z ¼ 9
(blue lines) with the parameters of Lyapol-G and Lyapol-S
described in Table I, respectively, and considering a redshift
depth Δz ¼ 0.5 in all cases. The dots represent the
positions where the variance is calculated, and the shaded
areas represent the uncertainty, obtained by simply inter-
polating between the values in the points. Overall, this
figure shows that the amount of signal collected by the
large redshift depth (Δz ¼ 0.5) enables measurements of
the power spectra between l ∼ 102 and l ∼ 105 for all the
quantities but Ẽ. The steep decay and low values of the Ẽ

TABLE I. Instrumental parameters.

Instrument R σpix½erg s−1 cm−2 sr−1� zLyα Ωpix½arcsec2� Ωb½arcsec2� fsky

Lyapol-G 700 2.6 × 10−6 3 5.40 9 0.010
Lyapol-S 300 1.6 × 10−7 9 0.50 2 0.008

5For simplicity, we ignore here that measurements of polarized
light can require the observation of the sky at different directions,
which therefore divide the total time typically in two.
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signal toward low multipoles does not allow detecting this
power even at the lowest redshift. The peak of the power at
multipole values ∼105 is high enough to be detected, but
this would require a smaller beam and pixel sizes than the
ones quoted in Table I.
Figure 8 illustrates the S/N for the two instrumental

setups at three multipole values, and for all but the Ẽ
polarization quantities. The orange and blue lines denote
the ground-based Lyapol-G and space-based Lyapol-S
setups, respectively, with a redshift depth of Δz ¼ 0.5.
We have assumed the same sensitivity for Lyapol-G at
z ¼ 5 and z ¼ 3. The evolution of the sensitivity with
redshift for the case of Lyapol-S is taken from the CDIM
“deep” case shown in the middle panel of Fig. 2 in [107],
rescaled to our value at z ¼ 9 in Table I. The instrument
sensitivity increases by a factor of ∼3 from redshift z ∼ 5 to
z ∼ 13, but this is counterbalanced by the fact that the

number of spectral channels that cover Δz ¼ 0.5 decreases
with redshift at a fixed spectral resolution. Overall, the S/N
for the total intensity remains fairly constant at all three
multipoles up to z ∼ 9, beyond which the instrumental
sensitivity suppresses the signal rapidly, from the highest to
the lowest multipoles. Because the power of the polarized
intensity is a few orders of magnitude fainter than that for
the total intensity, the steep decrease in S/N appears already
at redshift z ∼ 5–7. The turnover of the Π power spectra is
detectable (S/N ∼ 2–3) at z ¼ 3 with Lyapol-G, and up to
z ∼ 9 with Lyapol-S.
In summary, these simple estimates suggest that the

detection of Lyα polarization up to the early times of
reionization requires sensitivities higher than those of
current and near-future experiments. We discuss in the
next section the sources of foreground contamination that
need to be taken into account for these observations.

FIG. 7. Detectability estimates for the fiducial power spectra of Fig. 3 at redshifts z ¼ 3 (yellow lines) and z ¼ 9 (blue lines) with the
parameters of Lyapol-G and Lyapol-S described in Table I, respectively, and considering a redshift depth Δz ¼ 0.5 in all cases. The dots
represent the positions where the variance is calculated, and the shaded areas represent the uncertainty in the power by interpolating
between points. The amount of signal collected by the large redshift depth enables precise measurements of the power spectra between
l≳ 102 and l ∼ 105 for all but the Ẽ quantities. The low values of the Ẽ power at small multipoles and the beam and pixel sizes are the
reasons behind the nondetection.
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A. Foregrounds

The major source of foreground polarization detectable
from the ground at wavelengths of λ ∼ 1 μm is the
atmospheric Rayleigh-scattered radiation from the Moon
and the stars [110]. From space, the atmospheric compo-
nent is significantly reduced, and the primary contamina-
tion arises from starlight scattered by the Milky Way dust
[111,112]. These contributions, however, present a smooth
spectrum with a known frequency dependence, which one
could try to model and subtract from the observations
[113]. Furthermore, the use of cross-correlations would
allow the identification of the foreground signal, because
the latter would not be correlated with the sources
(galaxies) of Lyα polarization of interest.
A significant benefit of using polarized emission for the

detectability, compared to using total emission, is the
reduced impact from interlopers. When considering polar-
ized radiation, emission at a given frequency that redshifts

into the detection window of Lyα will not be misidentified
as Lyα unless it is polarized. This improvement enables one
to use large redshift depths for the integration of signal, and
thus increase the S/N, without suffering from extreme
interloper contamination.
A source of foreground contamination for the polariza-

tion signal of interest, may be the polarized Hα radiation
originating from Raman-scattered Lyβ radiation [59] (see
also the case of scattered O VI by neutral hydrogen in
[114]). This process, however, occurs at column densities
typical of that in the interstellar medium and, therefore, the
signal would be, in most cases, compact and in the core of
the sources. If this process happens below the spatial
resolution of the detector, the average polarization signal
would be null. However, if it is extended, it may be
included in the observations. The polarization signal from
the core of objects such as high-redshift radio galaxies (see,
e.g., [115,116]) or Seyfert II galaxies is also expected to be

FIG. 8. S/N estimates for three multipole values, and for all but the Ẽ polarization quantities. The orange and blue lines denote the
ground-based Lyapol-G and space-based Lyapol-S setups, respectively, with a redshift depth of Δz ¼ 0.5. We have used the same
sensitivity for z ¼ 5 and z ¼ 3 for Lyapol-G. The sensitivity evolution of Lyapol-S with redshift is taken from the CDIM deep case
reported in [107], rescaled to our value at z ¼ 9 in Table I.
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compact and, therefore, to not introduce significant con-
tamination into the measurements. Finally, in [117], we
demonstrated that the radiation from a hyperluminous
quasar that is Thomson scattered by the free electrons
(or scattered by dust) in the circumgalactic medium of the
host galaxy can be detectable. Even though this signal can
extend well out into the halo, these bright sources are rare
and identifiable (maskable) to avoid contamination from
electron scattering on the Lyα polarization signal of
interest here.

VI. Lyα B MODES AS PROBES OF HALO
ANISOTROPY, GRAVITATIONAL LENSING,

AND FARADAY ROTATION

The Lyα Bmode power in our formalism is null, because
we have considered a radially symmetric (isotropic) polari-
zation signal around the halos. In reality, however, the H I

distribution in galaxy halos can present a complex and
inhomogeneous geometry, and the emission of Lyα radi-
ation from the source can be highly anisotropic, which will
result in patterns departing significantly from the idealized
isotropic case. Therefore, a Lyα B mode signal is expected
to arise from actual galaxies, where the B mode amplitude
will be an indicator of the amount of “polarization
anisotropy” in the halos. Measurements of the global
Lyα B and E mode signals at various redshifts could be
used as indicators of the evolution of the average inhomo-
geneity and anisotropy of halos over time. This quantifi-
cation, in turn, might be a tracer of the major physical
processes driving galaxy evolution, such as merging rates,
or feedback effects impacting the properties of the gas in
the halos at different redshifts.
Other sources of Lyα B modes are the effects of gravi-

tational lensing [118], and Faraday rotation [119,120],
which convert the propagating Lyα E modes into B modes.
For a high number density of Lyα polarization sources,
covering a large fraction of the sky, weak gravitational
lensing B modes may be considerable and of interest (see,
e.g. [121]). Furthermore, because the Lyα sources exist at
all redshifts, one could perform a tomographic analysis of
the lensing signal, separating the contribution of different
redshift bins. However, we expect the lensing signal to be
small when the fraction of the sky covered by sources is
small, owing to the small size of the polarization signal in
the halos. In this case, however, one might be able to
investigate the galaxy lensing effects by measuring the
shear introduced to the shape of the E modes around
individual objects. The impact from Faraday rotation is
uncertain, because it depends strongly on the magnetic
fields, as well as on the distribution of matter in the
Milky Way and the intergalactic medium, all quantities
difficult to constrain with precision. However, De and
Tashiro [122] found that the impact of Faraday rotation on
pre-reionization polarized 21 cm radiation is very important
due to the large wavelength of this radiation. Because

Faraday rotation depends on the square of the wavelength,
this effect would be about ð105Þ2 times smaller for Lyα than
for 21 cm, albeit the other parameters remain the same for
both frequencies. Finally, B modes might also arise from
the clustering or merging, as well as overlap of halos, which
is beyond the capabilities of the halo model approach.
In addition to these “physical” sources of LyαBmodes, it

is also possible that there is a contaminant signal arising
from “ambiguous”modes (see, e.g. [123,124]). Ambiguous
modes appear when only a fraction of the sky is observed. In
this case, the decomposition of the polarization signal is
nonlocal and nonunique, and therefore modes that are
simultaneously divergence free (like B modes) and curl
free (like E modes) appear. In other words, it is not clear
whether the power of these modes is contributed by E or B.
This effect can be especially significant for the case of a Lyα
Bmode measurement, becausewe expect theBmodes to be
subdominant compared to E modes. The level of leakage
between E and Bmodes may be significant compared to the
signal expected for the B modes, and it can therefore
misguide the interpretation of the observations.

VII. FUTURE WORK

In our calculations, we have not included the potential
effect of Population III galaxies, which would result
in a significant increase of the Lyα emissivity compared
to our fiducial calculations that consider normal
(Population II) galaxies (see, e.g., [92,125]). This effect,
however, would be significant for the (global) power
spectra calculations at redshifts above z≳ 10–15, where
the average star-formation rate may be dominated by
Population III galaxies, as suggested by recent numerical
[126], as well as (semi)analytical [127,128] star-formation
calculations.
Rybicki and Loeb [46] suggested that an important

source of Lyα polarization other than galaxies, even before
cosmic reionization, could be the scattering of photons with
intergalactic (IGM) neutral hydrogen gas moving with the
Hubble flow. This polarization can reach degrees of
polarization as high as ∼70%, although Dijkstra and
Loeb [47] noted that this would be the case for gas beyond
∼10 virial radii from galaxies. The “static” intergalactic gas
closer to galaxies would reach lower polarization degrees,
on the order of ≲7%. However, the gas at a few virial radii
may be inflowing toward the halo center due to gravita-
tional collapse, which may introduce polarization levels of
a few tens of percent. This IGM Lyα polarization compo-
nent can be important at redshifts above z ∼ 6, where the
IGM may still present large neutral gas regions. We will
investigate the impact of this intergalactic polarization via
analytical and numerical calculations in future work.
An important aspect that needs to be revisited in

future work is the effect of performing cross-correlations
between the polarization signals and other tracers of cosmic
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structure and/or line emission at other frequencies (e.g.,
galaxies, quasars, or 21 cm, CO, C II, and Hα emission).
For example, because the Lyα polarization signal is high
at small (galaxy) scales, the cross-correlation of Lyα
polarization with galaxies could be used to enhance the
detectability at those scales.

VIII. CONCLUSIONS

We have presented an analytical formalism of Lyα
polarization, arising from the scattering of photons with
neutral hydrogen gas around galaxies, for intensity map-
ping studies. We have used the halo-model formalism, as
well as Lyα profiles based on simulations and observations,
for modeling the signal. We have estimated the auto and
cross power spectra of the Lyα quantities total intensity, I,
polarized intensity, P, polarization fraction, Π ¼ P=I, and
the astrophysical Lyα E and B modes, introduced here for
the first time in galaxy studies, and derived from the CMB
formalism. The dependence on model parameters and the
impact of variations in their values has been investigated, as
well as the detectability of the power spectra for the
aforementioned quantities, considering the redshift range
3≲ z≲ 13. The main findings of this work are as follows:

(i) The power spectra of the polarization quantities Π
and E present sharper features than the power
spectra of I and P in general, especially for the
one-halo terms (Figs. 3 and 6). The position of the
one-halo peaks of Π and E depends on redshift, and
it is related to the average halo size (and mass)
dominating the signal at a given time.

(ii) The ratio between the power spectra of the polarized
intensity and the total intensity gives information of
the polarization fluctuations between halos. Further-
more, the distribution of sizes for the polarization
signal can be obtained from the ratio of the one-halo
terms at high multipoles. Finally, the evolution of the
polarization fluctuations with redshift indicates the
dependence of the polarization signal with halo
size (Fig. 5).

(iii) The signal from Lyα Bmodes is null by construction
in our formalism, because we consider symmetry
around the halos. In real data, however, a B mode
signal is expected to arise from the anisotropy in the
halo gas distribution and the radiation field. The
combined measurements of Lyα E and B modes for
various redshifts will yield information about the
physical properties and the evolution of cold gas in
halos (Sec. VI).

(iv) Variations in the amplitudes and shapes of the Lyα
profiles, especially in the slope of the surface
brightness profile, produce different changes for
the power spectra of different polarization quantities,
and for different redshifts. Comparisons between
various quantities, and at various redshifts, enables
one to extract the physical characteristics (slope and

extent) of the real-space Lyα profiles (in the
Appendix).

(v) The detectability of the polarization signal requires
improvements in the sensitivity of current ground-
and space-based experiments by factors between
∼10–100, depending on redshifts and experiments
(Figs. 7 and 8, and Sec. V). Foreground contami-
nation from the atmosphere, and Milky Way dust-
scattered radiation, is expected to be important and
needs to be modeled and removed (Sec. VA).

(vi) The contamination from interlopers is expected to
be smaller when considering polarized radiation
than total radiation, because the contaminant radi-
ation needs to also be polarized to impact the
measurements.

We have shown that the use of polarization in intensity
mapping studies enables extracting more physical infor-
mation about the galaxies and their environments than total
emission alone. This first work has presented the general
formalism, which will be extended, as well as applied to
specific cases, via analytical and numerical calculations in
coming studies.
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APPENDIX: DEPENDENCES ON
MODEL PARAMETERS

In this appendix, we show the impact on the power
spectra of variations in the fiducial model parameters. We
explore below the impact of variations in the model
parameters on the fiducial power spectra of Fig. 3. We
first test changes in the extent of the polarization signal, out
to three and five virial radii, as well as for the hypothetical
case for which all halos show the same polarization extent.
We then assess changes in the shape of the surface
brightness and polarization profiles.

LLUÍS MAS-RIBAS and TZU-CHING CHANG PHYS. REV. D 101, 083032 (2020)

083032-18



(i) Extent of the polarization signal. Our fiducial model
assumes that the maximum polarization fraction
value occurs at the virial radius of the halos, and
it becomes zero rapidly after that position. Figure 9
illustrates the impact of shifting the peak value out to
three virial radii (colored lines) on the fiducial power
spectra of Fig. 3 (gray lines). For the case of the total
intensity, this produces no differences because I
does not depend on the polarization fraction. For P
and Ẽ, the shape of the power spectra is smoother.
The major impact of changing the extent of polari-
zation is visible in the power spectra of Π (bottom
left panel), which is now characterized by a sharp
feature at l ∼ 102–103.
Figure 10 shows the case of shifting the maximum

polarization fraction value out to five virial radii,

which results in a similar behavior as for the case of
three virial radii just discussed.

We also test the impact of a fix size for the polari-
zation fraction profile, for comparison. Figure 11
shows the power spectra obtained by considering
the maximum polarization degree for all halos
occurring at an (arbitrary) impact parameter of r⊥ ¼
50 comoving kpc h−1. At the lowest redshifts, the
one-halo terms of P and Ẽ are enhanced compared
to the fiducial case, because now all halos are small
instead of distributed in a broad range of sizes.
Because all halos are typically small at high red-
shifts, the fix (small) impact parameter power
spectra do not differ significantly from the fiducial
calculations. The largest impact is visible as a
reduction of the power spectra of Π at the lowest

FIG. 9. Power spectra estimates adopting a position for the maximum polarization fraction at three virial radii (color lines), compared
to the fiducial calculations that consider one virial radius (gray lines). In general, the spectra for P and Ẽ show a higher power at low
multipoles and a lower one at large l values compared to the fiducial case, and the one-halo term peak in the fiducial calculation is now
smoothed out. The power for Π shows a sharp peak corresponding to the two-halo term at l ∼ 102–103, whose amplitude is now more
than 3 orders of magnitude above the noise (not visible). The power does not change for the total intensity, I, because the signal does not
depend on the polarization fraction.
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redshifts. All the spectra now peak at the same
position, because the extent of the polarization
signal is constant.

(ii) Surface brightness and polarization fraction profile
shape. The right panels in Fig. 12 show the power
spectra adopting a flat surface brightness profile
extending out to three virial radii of the halos (color
lines). The power spectra for intensity (top right
panel) show a one-halo term peak at l ∼ 4–5 × 105.
For P (middle right panel), the power previously in
the one-halo terms is transferred to lower multipoles,
especially at low redshifts. The power spectra of Ẽ
(bottom right panel), in general, are shifted toward
lower l compared to the fiducial case, and the knees
become sharp peaks easier to identify, and whose
position depends on redshift similarly to Π.
The left panels in Fig. 12 display the comparison

between the fiducial power spectra (gray lines),
and, from top to bottom, those for Π, P, and Ẽ,
resulting from considering a constant polarization

fraction value of 10%, from the center of the halo out
to one virial radius (color lines). The power spectra
of Π present lower amplitudes than the fiducial
calculation, while the power spectra of P and Ẽ
show milder variations, mostly resulting in steeper
one-halo terms at the lowest redshifts.

We have also tested the impact of a polariza-
tion fraction profile that decays slowly after the
virial radius, proportional to expð1 − r⊥=rvirÞ instead
of exp½1 − ðr⊥=rvirÞ5�. Figure 13 shows that only the
power spectra of Π are impacted by this variation,
resulting in smoother shapes for the profiles, and
enhanced amplitudes compared to the fiducial case.
The steep slope of the surface brightness profile is the
reason why varying the decay of the polarization
fraction has little impact on the other quantities.
Regardless of the polarization fraction value, at large
physical distances the number of photons is very
small compared to the center, and their contribution to
the shape of the power is therefore also small.

FIG. 10. Same as Fig. 9, but with the maximum polarization fraction value now at five virial radii.
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FIG. 11. Same as Fig. 9, but fixing now the position of the maximum polarization fraction to a projected distance of r⊥ ¼ 50

comoving kpc h−1 from the center for all halos.
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FIG. 12. Left column: power spectra considering a constant polarization fraction profile with a value of 10%, out to one virial radius
(colored lines). Right column: power spectra for the case of a flat surface brightness profile extending out to three virial radii (colored
lines). For comparison, the fiducial power spectra of Fig. 3 are shown as gray lines.
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