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Non-Gaussianity and B-mode polarization are particularly interesting features of the cosmic microwave
background, as—at least in the standard model of cosmology—their only sources to first order in
cosmological perturbation theory are primordial, possibly generated during inflation. If the primordial
sources are small, the question arises how large is the non-Gaussianity and B-mode background induced in
second order from the initially Gaussian and scalar perturbations. In this paper we derive the Boltzmann
hierarchy for the microwave background photon phase-space distributions at second order in cosmological
perturbation theory including the complete polarization information, providing the basis for further
numerical studies. As an aside we note that the second-order collision term contains new sources of
B-mode polarization and that no polarization persists in the tight-coupling limit.
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L. INTRODUCTION

The anisotropies of the cosmic microwave background
provide an abundant source of information, unrivaled in
precision, on the early history of the Universe. Since most
of the photons originate from the time of decoupling, when
the inhomogeneities of the Universe were small, the an-
isotropies should be well described in linear perturbation
theory around the Friedmann-Robertson-Walker back-
ground. Temperature anisotropies [1,2] and E-mode polar-
ization anisotropies [1,3,4] have been detected, and are
found in agreement with the standard model, in which
the source of the anisotropies consists of a Gaussian,
adiabatic, and nearly scale-invariant spectrum of primor-
dial density perturbations.

The polarization pattern of the background radiation is
of great interest for the following reason. In contrast to the
E mode, B-mode polarization is not sourced by scalar
density perturbations in the linear order. Thus, a detection
of B-mode polarization would point directly to primordial
vector or, more likely, tensor fluctuations (gravitational
waves) in a very early phase of the cosmological evolution.
So far, however, B-mode polarization has not been ob-
served, which together with the shape of the temperature
perturbation spectrum indicates some suppression of the
tensor relative to scalar perturbations. Similarly, deviations
from Gaussian statistics constrain inflation models and are
therefore intensively investigated (see, e.g., the reviews
[5.6.

The absence of non-Gaussianity and B-mode polariza-
tion when the primordial fluctuations are purely Gaussian
and scalar holds, however, only in linear perturbation
theory. Thus, if a small non-Gaussian or B-mode signal
is observed, the question arises whether its origin is truly
primordial, or whether it might be a second-order effect.
While such an effect would naturally be expected at tensor-
to-scalar ratios of order 1073 (or fy.~ 1 for non-
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Gaussianity), which is the size of perturbations in the
microwave background, only a full second-order calcula-
tion can tell whether there are no enhancements. Such
enhancements may reach a level relevant to observations,
since the planned CMBPol experiment is sensitive to
tensor-to-scalar ratios of order 1073 [7]. Indeed, several
second-order sources of B-mode polarization are already
known. The most important is the weak-lensing effect,
reviewed in [8], which converts E polarization to B polar-
ization as the photons travel through the inhomogeneous
Universe [9]. The inhomogeneities and the E-mode polar-
ization are both at least of first order, so the resulting effect
is at least of second order in perturbation theory. Weak
lensing becomes large at small scales, and at large values of
the perturbation wave-vector k perturbation series breaks
down. The usual treatment of weak lensing therefore
avoids cosmic perturbation theory by considering the small
deflection angles of the photon trajectories. Another effect
that has been estimated is B-mode polarization from gravi-
tational time delay [10] and from sources proportional to
second-order vector and tensor metric perturbations, which
are themselves generated from the product of scalar per-
turbations [11]. A full treatment of B-mode polarization at
second order should, however, be based on the Boltzmann
equation solution for the radiation phase-space density
matrix. Previous second-order calculations considered the
collision term [12] and radiation transfer function [13] for
unpolarized radiation only. In this paper, we derive the
complete Boltzmann hierarchy at second order under the
assumption that there are no first-order vector and tensor
perturbations by extending the results of [12,13] to the
photon polarization density matrix. This allows us to iden-
tify all sources of B-mode polarization at this order. The
polarized equations are presented in a form suitable for
numerical evaluation. Numerical results for B polarization
will be presented in a follow-up paper [14]. Numerical
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results on non-Gaussianity based on second-order
Boltzmann equations have appeared recently in [15,16].

Most of the results of this paper have been obtained in
the thesis work [17]. In the meantime, the polarized
second-order Boltzmann equations have been derived in-
dependently in [18]. Our result is derived in a different
formalism, allowing for an independent check of the re-
sults. We provide expressions for the Boltzmann hierarchy
pertaining to the phase-space distribution functions not
integrated over frequency, which have not been given
explicitly before. In addition, we include a self-contained
derivation of the polarized collision term from the
quantum-mechanical time evolution of the photon density
matrix, which differs from the collision term used in [18].
A detailed comparison is provided in the main body of the
paper.

The outline of the paper is as follows. In the remainder
of this section we set up our index conventions. Next, in
Sec. II we derive the Boltzmann equation from the
quantum-mechanical time evolution of the photon density
matrix and discuss the differences to the existing literature.
Its expansion to second order is presented in Secs. III and
1V, first for the propagation of polarized radiation (the left-
hand side of the Boltzmann equation), then for the collision
term (the right-hand side). These sections are rather tech-
nical, and further technical details are collected in the
Appendix. The main result, the Boltzmann hierarchy for
the second-order intensity and photon polarization phase-
space distributions, is summarized in the separate Sec. V. A
full analysis of these equations is beyond the scope of this
paper. However, in Sec. VI we discuss the sources for
B-mode polarization, including a new source in the colli-
sion term that converts intensity directly into B-mode
polarization. We also analyze the tight-coupling regime.

|
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While we reproduce the presence of a second-order inten-
sity quadrupole already found from the unpolarized equa-
tions [19], we do not confirm the effect discussed in [20],
which is based on B-mode generation from an E-mode and
intensity quadrupole in tight-coupling. Section VII sum-
marizes our conclusions.

A. Index and metric conventions

General coordinate indices will be denoted by Greek
letters w, v, ... ranging from O to 3, indices referring to
tensors in the local inertial frame (tetrad frame) by capital
Latin letters A, B, ... = 0, 1, 2, 3 from the beginning of the
alphabet. Spatial indices, ranging from 1 to 3, in the tetrad
frame are assigned Latin letters 7, j, . ... We also need small
Latin letters a, b, ... = 1, 2 to denote the basis of polariza-
tion vectors. The signature convention for the space-time
metric is (+, —, —, —). Spatial indices in the tetrad frame
are contracted with the three-dimensional Euclidean metric
and no distinction is made between upper and lower spatial

indices. With this convention viw, = v'w’ — viw! =

v'w? — viw,, etc. In this paper we assume that the back-
ground universe is flat. We then also use Latin letters
i, j,... to denote the spatial general coordinate indices
with the same convention regarding their contraction. In
general, it will be clear from the context whether i, j, ...
refers to the tetrad or general coordinate system. Since
confusion might arise for the momentum, we denote the
covariant momentum dx* /d\ by capital P*, related to the
momentum p? in the local inertial frame by P+ =
leal p*.

The perturbed flat-space Robertson-Walker metric with
conformal time denoted by 1 and coordinates x* = (7, x’)
is parametrized as

ds* = a2((1 +2A)dn? + 2B;dndx' — [(1 + 2D)§;; + 2E,-j]dxidxf), (1)

where a(n) denotes the scale factor. The space-time dependent perturbations X = A, D, B;, E;; will be expanded into first-
order, second-order, etc. terms according to X = X + X® + . We assume that the vector and tensor perturbations
contained in B;, E;; are smaller than the scalar perturbations, so we formally treat them as second order.

We choose the conformal Newtonian gauge such that B; is a transverse vector and E;; a transverse, traceless tensor. In

this case, when there are only scalar perturbations at first order, we have Bgl) = EE}) = 0. Then the tetrad components
[es]* are given to second order by

[eo]’ = 1(1 L AW 4@ 43402 4 lUfl)Ugl)),
a 2 2
U
[eo] = —,
a

1
[ex]° = ;<U§j> +U? - BY + (D — A<1>)U,§1)>,

1 3 1
[e ] = ;(c%(l —DW - p@ + ED<'>2) — E? - 3 UE”U}CI)). )
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We denote by [¢*], the inverse of the tetrad, such that
[e*],[ep]* = 6% and [e],[e,]” = &%, The local inertial
frame can be parametrized in terms of the observer three-
velocity U; and a set of angles 6, which define the
orientation of the local inertial coordinate axes relative to
those of x'. Above we have aligned the local coordinate
axes with those of the general coordinate system to set the
angles 6; = 0. In the following we also choose the ob-
server rest frame U; = 0, which coincides to first order
with another common frame choice U; = B;.

II. BOLTZMANN EQUATION FOR THE
POLARIZATION DENSITY MATRIX

In this section we briefly review notation and definitions
applying to photon polarization. We then derive an expres-
sion for the propagation and collision term in the
Boltzmann equation for the polarization density matrix,
which serves as the starting point for the expansion to
second order in perturbations.

A. Photon polarization phase-space distribution

We assume that the polarized radiation ensemble can be
described by a single-particle phase-space distribution ma-
trix f,,(x*, ¢'), such that &#&"*f,,(x, ¢')d>p/(2m)* de-
notes the number density of photons with momentum p
and polarization é*. We regard f uv as a function of the
comoving momentum ¢' = ap'. The unperturbed Bose-
Einstein distribution f ﬁfz, is then independent of conformal
time in the expanding homogeneous Universe.

The phase-space distribution is a Hermitian matrix,
related to the expectation value (A, (x)A,(y)) of the radia-
tion field. We adopt Lorenz gauge A*,,, = 0 for the photon
field. It then follows that

Pef L, (N g) = PPf,,(xA g) =0, 3)

and that f wv 18 parallel-transported in the absence of
collisions. Thus
D A

Dalwr
Here D/DA denotes the covariant derivative along a
photon trajectory x#(A), and C,,,[f] is the collision term.
The phase-space distribution in the local inertial frame is
related to f,, by

F#r = [eal*Les] fA%, (5)

where [e4 ]* are the space-time dependent tetrad vectors.

The phase-space distribution matrix f wv 18 MOt unique,
since Lorenz gauge allows the gauge transformations
fw — f/w +a,P, + B,P, with arbitrary «,, B,. To
obtain a physical distribution function, we decompose the
photon four-momentum into

= C,.[f] 4)
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P = Eleo]* — [e,]#p" = E(ut — n*), (6)

where u* = [e(]* is the four-velocity of the locally inertial
observer, E the energy of the photon as seen by this
observer, and

i

V4
nt = [et (7)
the photon three-momentum direction, which satisfies
u,n* = 0and n,n* = —1. We define
p,u.V = _g,u.V + u,u,uv - n/.an (8)

which projects on the components transverse to the ob-
server velocity and photon direction:

WPy = WPy = n#puy =n"puy =0 (9)

We now define the physical phase-space distribution ma-
trix [21]

f,uv = p,U,M/pVV’f,U,’V” (10)

which is orthogonal to P*, u*, and n*, and contains no
residual gauge ambiguity. The corresponding projected
distribution function in the observer rest frame (local iner-
tial frame) is effectively a three-by-three matrix, since
9 = 07 = 0 — () in this frame. It is orthogonal to the
photon propagation direction n' as expected for the tensor
describing the two physical transverse polarizations.
Applying D/DA to (10), we obtain from (4)

., D A .
pM#pVV mfy,’l/ =p,u'upvvcy,’1/[f]’ (1)

where we use that p,, and f uv are orthogonal to P#. This
provides a closed set of equations for the physical phase-
space distribution matrix provided the projected collision
term CM,,[f] = pM“’p,,”'(t”M/V/[f] on the right-hand side
depends only on f rather than f. It will be convenient to
choose a polarization basis consisting of two vectors €
(a = 1, 2) orthogonal to P* and u*, in terms of which

2= fued ey (12)
a,b

B. Propagation of polarized photons

In the following we shall consider the Boltzmann equa-
tion for f,, in a polarization basis defined in the observer
rest frame. To this end, we multiply (11) by € €;”, insert

(12), and calculate
% D BT
€q EprM,LL’pVV’ mgfcdeclu 65 : (13)

Before giving the result, we need to discuss the choice of
polarization basis. If é* denotes the direction of the photon
field-amplitude in Lorenz gauge, then é* is parallel-
transported along the photon path [22]. This also holds
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for the projected vector e* = p“#,éf" in the sense that for

the polarization vector corresponding to a fixed photon
momentum p#,De” /DA = 0. We could therefore use a
basis of two parallel-transported polarization vectors € . In
this case, the corresponding vectors €2 in the observer rest
frame, given by € = [e,]* €2, depend on the space-time
point x in addition to momentum ¢g. The transverse polar-
ization basis axes are continuously rotated as the photon
propagates through space-time.

It will be convenient to instead choose rigid basis vectors
€’ in the observer rest frame that do not depend on space-
time but only on momentum. In this case the covariant
derivative along the path acting on a polarization vector is

* Dé'él' dqu

Ea,u DA [eB] [eA]M P EaBE +6aA A a PR

(14)
where the first term on the right-hand side arises, since €%

is not parallel-transported in the rigid basis, and the second
|

afab+ 1 dx afab_,r_
an PO dA ox

+[e]uler]”.,

PO dA

with C,[f] = €l'€;"C,,[f] denoting the (projected) col-
lision term in the polarization basis. Its expression is given
in (39) below. The terms to the left of the equality sign in
the second line would vanish had we chosen a basis of
parallel-transported polarization vectors. The extra terms
in the rigid basis are equivalent to similar terms that appear
in [23].

For unpolarized radiation f,, = 6,,f, and the terms in
(17) that depend on the polarization vectors explicitly
vanish. This follows from

ey dek 9

€ —5 = — (€465 =0, (18)

€ak T aqt bk aqt aql

since €,.€;F = 8,,, and from

[e']lec (el + €)i€0) =

€ai ebk ([el] [ek] )
(19)

since [e'],[e;]* = &}. Thus (17) reduces to the standard
equation for unpolarized radiation for diagonal phase-
space density matrices, as should be the case.

For the same reason, the explicitly polarization-vector
dependent terms are at least of second order in perturba-
tions around the equilibrium distribution in the expanding
homogeneous Universe. This is due to the fact that dg’/dA
and [e'],[e;]*., are both first order in perturbations. Hence
to first order we may set f,, in the polarization-vector
dependent terms equal to the unperturbed distribution

fflob). But the unperturbed distribution is diagonal, so the
terms vanish (at first order) as shown above.

1 dqi(afab+6

wk k
(6(116 fcb + 6b1 fac
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is due to the fact that the photon momentum also changes
along the path. The conditions u, €5, = P, €, = 0 require

= 0Oand n - €, = 0in the observer rest frame. We adopt
a spherical coordinate system with

n = (sinf cose, sinf sing, cosf)
ey = (cosf cosg, cosf sing, — sinh) (15)

» = (—sing, cosg, 0)

the standard basis vectors on the sphere. The polarization
basis is then taken to consist of the two circular polariza-
tion vectors

1 .
€. = —ﬁ(eg * iey). (16)

Evaluating (13) and identifying x° = 7 with conformal
time results in the Boltzmann equation

dek* , d€k
aka—ql'fch + ebka_q,'fuc)

—5Calf] (17)

|
C. Simplification at second order

We now show that the terms to the left of the equality
sign in the second line of (17) vanish even at second order
in perturbations, provided that there are no first-order
vector and tensor perturbations. Thus, under these assump-
tions, there is no difference between the rigid and the
parallel-transported polarization basis at second order.

It follows from Sec. II B that the second-order contribu-
tion is the product of

€ai€lfl) + € ek fid (20)

and

. P70 1
[[el]ﬂ[ek]lu;ll](l)[ﬁ] = E(aiBgcl) B aka'l))

- nl(G,EQI) - akES)) + - M.
(2D

where the superscript in brackets indicates the order at
which the expression is evaluated, and the ellipses denote
terms proportional to g; or g; which vanish when con-
tracted with the polarization vectors in (20) since ¢ = n. To
obtain this expression we used the tetrads from (A1), which
do not assume a particular gauge choice.

If there are no first-order vector and tensor perturbations,

BED and Efjl) are zero in conformal Newtonian gauge, and

expression (21) immediately vanishes, leading to the de-
sired simplification. More generally, in an arbitrary gauge
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BEI) can be expressed as the gradient of a scalar function in
the absence of vector modes, hence the curl of Bgl) appear-
ing in (21) is zero. Likewise, ES) = (9,0, — 8;;0)EW for
some function E!) in the absence of first-order vector and
tensor modes. Then,

n,(&iEg,) — akEﬁ,”> = (n;0; — n0;)0%EW, (22)

which vanishes when contracted with the polarization vec-

tors in (20), since n;e,; = 0.
|
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D. Collision term

To obtain the collision term C,,[f] we consider the
quantum time evolution of the one-particle density matrix
following the formalism developed in [24] for neutrino
flavor-mixing in a medium. The formalism was applied
to photon polarization and Thomson scattering in [25]. A
more general treatment elucidating some of the approxi-
mations involved in the truncation of the hierarchy of
n-particle density matrices implicit in this formalism can
be found in [26].

In the local inertial frame with coordinates ¢ the photon
field operator is expanded in the form

3
AO-3 f Q;fgw(ew'faa@)ea(p) + efpfaﬂp)e:;(p)). 23)

We choose the two circular polarization vectors €. as basis
vectors. The creation and annihilation operators satisfy the
standard commutation relation

[au(p), al(p)] = 8,,2m)2p°6%) (p — p)
= 6,06(p — p'). (24)

The one-particle density matrix is defined by the expec-
tation value (ag( pla,(p')). Spatial homogeneity implies
that

(af(p)as(p")) = 8(p — pPpas(t, p). (25)

We identify p,;(# p) with the phase-space distribution
function f,,(x*, ¢ = ap’). Indeed, since the number op-
erator is

& d3p ;
N = P [W%(P)aa(p), (26)

we obtain from (25)

N=N)y=V [ & ptrp(t, p), (27)

confirming the interpretation of p,,(#, p) as phase-space
polarization density matrix. The spatial dependence of
fra(x*, g¢') can be neglected for the calculation of the
collision term, since each scattering event is local on the
cosmological scales over which f,,(x*, ¢') varies. The flip
in the order of polarization indices follows from the defi-
nitions (12) and (25) and the fact that Y ,a,(p)e,(p) is
independent of the choice of polarization basis.

The time evolution of the density matrix is obtained
from the Heisenberg equation for the operator D,,(p) =
a;r(p)aa(p). Starting from

d )

_Dah = l[H’ Dab]’ (28)
dt

going to the interaction picture and splitting the

Hamiltonian into the free and interaction part H;, we

obtain to second order in the interaction [24]

2p0(2ﬂ)36(3)(0)%pab(t: p) = l<[HI(t)) Dub(t: p)]> - '/(: dt,<[HI(t - t/)’ [Hl(t)’ Dab(t» p)]]> (29)

If H; were the electron-photon interaction of quantum electrodynamics Hgp, we would have to expand to the fourth order
in the interaction to recover the Compton scattering collision term. Instead we derive an effective Compton scattering
interaction vertex assuming that the electron propagates freely between the two elementary electron-photon interactions in
the Compton process. Thus we define H;(¢) through the relation

—i)?
(i) [[ary(i) = S [ sty THoun () Hoso (o) (0)

with the understanding that a pair of electron fields is contracted in the expression on the right-hand side. After a short
calculation we obtain [25]
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H(t) = Z

a,ds,s’'

PHYSICAL REVIEW D 82, 063509 (2010)

[ [dplldp'Tdglldg' |2 80 (g + p’ — q — p)ei@ 1" =a~1")

X M(pa;qs — p'a’sq's"al(q)al,(p)a,(p)ay(q).

(3D

Here «, o' denote electron annihilation and creation operators, and [dp] = d*p/((27)32p°) is the phase-space integration
measure. The matrix element for the y(p, a) + e (g, s) — y(p', a’) + e (¢', s') Compton scattering process reads

M(pa;gs — p'd’;q's') = ei(q’, S/)I:t(:/([?/)

We note that

M(pa;qs — p'a’;q's') = M*(p'a’; ¢'s' — pa; qs). (33)
To avoid confusion let us also note that in this subsection ¢
stands for an electron momentum and not for the comoving

photon momentum.
The first-order term ((H,(z), D, (t, p)]) in (29) involves
the forward Compton scattering matrix element, and it is
|

g4+ p/+m,
(6]+P)2_me

4_ﬁ/+me

) A S £ a9 62)

f
straightforward to show that this term vanishes. The

second-order term is more complicated. It results in expec-
tation values of four photon annihilation and creation
operators, since the interaction generates correlations. To
proceed we assume that n-particle correlations can be ex-
pressed in terms of one-particle correlations, such that, for
example

(al(@aa@al(phay(p)) = 8(q = paylal(@)as(p)) + al(@al(p)as(@)ay(p))
— 8(q = PN8aylal(qay(p)) + {al(gau(@))af (P)ay(p)) + (al(¢ay(p)Xaf (Phau(@)

= 6(q — p)6(q" — P)Ppa (P Bup + par(@)] + 8(g — ¢)6(p — Ppua(@)ppr(P).

(34)

This amounts to the assumption that on average multiparticle correlations built up in a collision decay rapidly in the time
interval before the next collision. The corresponding expressions for the electrons are simpler, since we further assume that
the electrons are unpolarized and that their phase-space density g,(g) is sufficiently small for quadratic terms in g, to be

negligible. Thus

(al(gha,(@)al(pha,(p)) — 8(g — p)8.(al(g)a,(p)) = 8(qg — p)S(q' — )88,y %ge(q’)-

Note that g,.(g) is the density summed over both electron
polarizations. After working out the expectation value of
the second-order term in (29) one ends up with the time
integral

/: dl,eti,/(q/oer/o,qo,IJO)' (36)

If the interaction time scale is much shorter than the
average time between collisions the upper limit may be
taken to infinity and supplying the appropriate i€ prescrip-

tion, we obtain
|

1 dp' d dq'
Caplf1=7 4 ? ?

(35)

[
* PV

1
+7o(g" + p = q° = p°).
qu +p/0 _qO _pO

(37)

The imaginary principal-value term should be discarded,
since it corresponds to a self-energy contribution. Putting
everything together, substituting p,, — f, in the last step,
we obtain from (29)

4 ) 2m)32p"” 2m)324° 2m)32¢q

X {ge(q/)f/\’w’(pl)l:aa)\((swb + fwb(p)) + ‘wa(‘sa/\ + fa/\(p))]

- ge<q>[amfw,,<p> + «swamp)](m T fmp'»}.

d
2p0Efah(p) = ZCub[f]) (38)
where the collision term is given by
5 Qm)reW g+ p—q' — pHIMRE,,., ..
(39)
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Here we introduced the electron-spin averaged square of the Compton amplitude

_ 1 .
M3y = EZM(M; gs = p'Nsq's""M* (pw; qs — p'w'; q's'). (40)
5,8’

The collision term (39) for the polarized phase-space den-
sity is the expression that must be used on the right-hand
side of the Boltzmann equation (17). It takes an intuitive
form with a gain and loss term and the expected Bose
enhancement factors. Taking the trace in ab, and averaging
the matrix element over polarizations, we recover the
standard unpolarized collision term. Equation (39) differs
from [25], where it is stated that the terms quadratic in the
photon phase-space density cancel exactly in the evalu-
ation of the double commutator in (29). It also differs from
the collision term used in [18], which is based on [27]. The
differences are located in the structure of the loss term
from [27] and the Bose enhancement factors added in [18].
The loss term in [27] is not derived as in the present paper
but based on a certain ansatz, which is checked for initial
and final pure photon polarization states, and then argued
to hold in general due to the superposition principle.
However, the loss term ansatz in [27] is nonlinear in the
phase-space distribution invalidating the superposition
principle, and we suspect that this leads to the discrepancy
with our result. Nevertheless, it turns out that the differ-

ences do not affect the final result in Sec. V below after the
|

&Ik,
@2m)?

3
Alk)Blks) = ks

For the multipole representation we write the comoving
momentum as ¢ = gn and then define

00 l 4
fab(nr k: CI) = Z Z (_i)l 2l—:-lfab,lm(77’ k’ Q)Yfm(n),

1=0 m=—1
(43)
, ,21+1 .
fabim(n k@) =i pym fdQYfm(n)fab(n,k,qn)-
(44)

Here Y;, (n) denotes the spin-weighted spherical harmon-
ics. We collect their definition and some basic relations for
these functions in Appendix A 2.

We adopt the circular polarization basis (16) such that
under a rotation of the coordinate system around the di-
rection of photon propagation with rotation angle AW the
polarization basis vectors transform according to

€, _.=e"Ve,_., (45)

i.e. the circular polarization vectors €. have spin s = *1
as they should. Since the polarization-basis independent
phase-space distribution

@m)?

|

expansion to second order, at least for the frequency-
integrated phase-space distributions considered in [18].
The reason for this is the simple polarization dependence
of the Thomson scattering cross section and the fact that
the terms quadratic in the photon phase-space densities
will be seen to not contribute to the second-order equations
for the frequency-integrated distributions. Differences be-
tween the present calculation and [18] from the form of the
collision term would however be expected at the next
order.

E. Fourier transformation and multipole expansion

It is more convenient for the perturbation expansion to
work with Fourier-transformed and multipole-expanded
functions. We define

&Ik
Q2m)*

Alx) = e x A (k). 41)
At second order we encounter products of functions, whose
Fourier transform is a convolution. Below we use the
shorthand notation

27?60 (k — ky — ky)A(ky)B(ky). (42)

fi = €re fuy (46)
ab

is invariant under basis rotations, it follows that f,, and
f—_ are spin-zero (s = 0) objects that do not transform,
while

fls = eizmwft:- (47)

Thus, f._ has spin 2 and f_, has spin —2. The corre-
sponding values of s must be used in (43) and (44).
Instead of the phase-space densities of the photon helic-
ity states, one may also parametrize f,;, in terms of the four
real Stokes parameters. The relation in the circular basis is

fo—ifu

_(f++ f+—)_(f1_fv o

EO VAN S R VAR ) @

The multipole decomposition for the Stokes parameter
distribution functions fy reads
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Frim =i ‘/ZH [aevi,mpm,
Frm = ‘/2” [aovi,mpym,

Fom ifpm = \/2’ o1 [aavimirom = irym)

(49)

The quantity f; provides the photon density averaged over
the two helicity states, and fy is related to the degree of
circular polarization of the radiation plasma. We shall
include fy in the set of second-order equations, but since
there are no sources of circular polarization in the standard
cosmological scenario, it is usually of little interest. Our
main concern are the off-diagonal components of the pho-
ton phase-space density, which are decomposed in (49)
into the E and B polarization modes. The conversion
between the two sets of phase-space distributions follows
from

fX,lm = UX;[ab]fab,lm- (50)

PHYSICAL REVIEW D 82, 063509 (2010)

—, +—, —+ in this order, and with X = I, V, E, B, the
matrix Uy, and its inverse read

(4105
Uxifab) = 0 (2) % % ’
1
\o o0 % 1 s
( 1 -1 0
1 1 0 O
-1 _
Uabx =0 0 1 —i
\0 o 1 i
We note the relations
Utabix = Ulbalx = 2Uxiasy (52)

In terms of multipoles the momentum derivative terms
in the first line of the Boltzmann equation (17) can be
written in a simple form. First, from (16) we calculate
dek i

=+ q tan® e(pi5bc: (53)

ebka—qi

where the upper (lower) sign holds for b = ¢ = + (b =

Interpreting [ab] as a single index taking the values ++ , ¢ = —). Then, making use of (A9), we obtain
|
] dekr dek d 2ie,;
faib €k GC[ fch + EZk iifuc = fa[b + le(pl (_ 0 f+_>
dq dq dq dqg"  qgtanO\—f-+ 0 J,
477 afll) m 1 1 fa m [ Y
- Z(—,)l T { . (');l nt + 5 21 (€0,Y3, + e;asy,sm)}. (54)

This form makes explicit that each term carries definite spin, such that s = 0 for the diagonal elements and s = =2 for the
off-diagonals. The derivatives on the spin-weighted spherical harmonics can be easily taken using (A10).

III. EXPANSION OF THE PHOTON PROPAGATION TERM TO SECOND ORDER

We now turn to the expansion of the Boltzmann equation (17) to second order in perturbations. Implementing the
simplification of the polarization-dependent terms derived in Sec. II C, we obtain the first- and second-order equations

(0)
d q d 4 [ 1 dq ](l)q f b [ 1 ](1)

—+ = — = 55
[an aE 9x’ ]f PO dr] g dgq Carl/] (53)
i, o, [P Wafy 1 dgqm af(” . €k ) 1 dg"\@q afs) 11 @
f o i + 0 i bk iJ ac + 0 _()Cab[f] .

an aEax P ox PP dA aq daq PPdr ] q dq P
(56)

results also apply to the propagation of massive particles.
For photons we may use E = |p| = |ql/a = g/a and
q'/q = n' to simplify the equations. Equation (55) repro-
duces the Boltzmann equation in the linear approximation
with the familiar free-streaming term on the left-hand side.
The Fourier transformation converts 9/dx’ — ik’ in the

Here we used that
1 dx! _ P! qi
PO d) aE

PO
at zeroth order in the perturbation expansion. In this sec-
tion we keep the energy and momentum distinct so that the

(57)
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free-streaming terms. However, the second-order equation
also contains products of two Fourier-transformed func-
tions, which are to be interpreted as convolutions according
to (42). Thus, for instance,

[,f;](l)aa{:) [Pl] ()il £ (k)
ra
(2m)?

in the Fourier transform of (56). In this section we work out
the multipole transformation of the left-hand side of (56).
The more complicated transformation of the collision term
is derived in Sec. IV.

[F] (k — kil fO (&), (58)

A. Covariant momentum and momentum derivative

The expression of the covariant momentum in terms of

the comoving momentum required to evaluate (56) is
|

PHYSICAL REVIEW D 82, 063509 (2010)

obtained from P* = [e,]*p*. Under the assumptions
made in this paper (no first-order vector and tensor pertur-

bations, conformal Newtonian gauge, observer frame; see
Sec. T A), we find

E 3A  ¢'B;
PP==(1-A+— -2 +..., 59
a( 2 aE) (59
. ‘ 3D? k
P’=q(1—D+—>—q—2Eki+~~, (60)
a? 2 a

where the ellipses denote corrections of the third order in
perturbations. Hence,

P g
[PO] = (A(” - D(”). (61)

The change of comoving momentum dq'/dA along the
particle trajectory follows from the geodesic equation.
We have

dp' _d([e'],P*) ale'],
= = PYPH + T, P pr ,PHPY. 2
an A o2 [e'], (= ) =[e'],. (62)
Then
1 d¢¢ dq' da ,  a dp' P*pP”
R = _- —=___pl R + , 63
PO dx  dn dnP T PO da d' + el 63)

where H. = a~'da/dmn denotes the conformal Hubble parameter. The previous expression vanishes at zeroth order in the
perturbations. Its perturbation expansion can be calculated from (59) and (60) and the explicit expressions for the inverse
tetrad vectors. The first- and second-order terms required for (56) read

1 dg'10» . ‘
[ﬁ d—q)l] — —aEdAW — gip0 + 4 Z (6,-kalD<'> - 5,»,-akD“)) (64)
q'T1 dqg"1® ak . . . o ak @ 4 (@B —¢%) )
_I:F ﬁ] = 9E LA — gpo) - E 9 4B q'H.B|
q q qa
n @qia%m(f‘m n Dm) + 24DV DO, (65)
q

The dot denotes a derivative with respect to conformal time and 3° = 9/dx’. The term proportional to H.. in the first line of
(65) vanishes for photons and massless propagating particles in general.

B. Multipole transformation and spherical basis

The general procedure to obtain the multipole decomposition of (55) and (56) is as follows. First we insert the
representation (43) for the phase-space distributions. Then the direction vector n and polarization vectors are written in

terms of spherical harmonics according to

l’l = Zé‘:m\/iylm’ ninj X() \/——YOO + ZX2m\/7Y2m’ l = me\/iyrml’ = _Zé‘:m\/i lm’

which defines &, (for m =0, *1), xj =187 and the
trace-free tensors x5, (for m =0, =1, £2). Explicit ex-
pressions are provided in Appendix A 3. The multiplication
of these objects with Cartesian vectors and tensors, respec-

(66)

[

tively, projects on the components of the corresponding
vectors and tensors in the spherical basis. For vectors V and
traceless symmetric tensors 7 we define the components in
the spherical basis by
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. _ l
Vim=1iVs, Ve = 5 (V) F iV,)
3 _
Tig) = _§T33’ Tte = +2(Ty3 T iTys) (67)
1 .
Tisgy = — \/_E(TH — Ty * 2iTyy).
Then

XonTij =
with ag =2, @+ = 4z, and a, = 1. At this point, we can
use the product formula for the spin-weighted spherical
harmonics (A5) to express any term in terms of a sum of

single harmonics. The result of these manipulations is
integrated with

L= i11/214 ; ! f a0y (), 69)

which projects (55) and (56) on the /m multipole compo-
nent. The final step consists of transforming from the ab

—a, Tip (no sum over m),  (68)

lq k (2)

1 [m,] {7 L
Z qk & Z( )ll
my=—1 Iy, m, 20+ 1L [l — 1|SM

Applying the multipole transformation operator L from (69) to this expression sets L

orders of summations according to

yields the final result

. 1 [my]  1+1
1q k (2)] qk 2

L =

[1h3]- 3 0 S s

L=1-1]m==1

Here we used that the first Clebsch-Gordan coefficient sets
S = s to eliminate the sum over S. The second one implies
m, = m — m;. Recall that s takes the value 0 when ab =
+ +, ——and s = £2 for ab = = ¥ . Thus, in the first case
only /; =1[=*1 contribute to the sum, while for the oft-
diagonal terms /; = [ is also nonzero. Equation (74) re-
produces the standard first-order free-streaming term, in
which one usually aligns k with the three-direction imply-
ing k*11=0 and k1% = ik, which simplifies the expression.

The free-streaming term is diagonal in the circular po-
larization basis, but the equations for the two off-diagonal
components are slightly different, which leads to a mixing
of E and B polarization in the Stokes parameter basis. The
difference arises from

’ i _ (2)
ClE Z‘fmz Y]mzk Z( l) ! 2l + 1 ab,lym;
l+l

PHYSICAL REVIEW D 82, 063509 (2010)

helicity polarization basis to the X =1, V, E, B compo-
nents of the phase-space distribution matrix.

C. Free-streaming term

We first consider the three space-time derivative terms in
(56), which after Fourier transformation read

@ .- l.
9 iq -k piqn
af—:’b’ qa—Effb)’ I:Eil (k])lklzfilh)(kz) (70)

The multipole transformation of the time derivative is
trivial since

afd1 o
I:;C—n] = %ffb),zm(k)- (71)
For the transformation of the second term we follow the
procedure described in Sec. III B. The manipulations are
the same as for the corresponding term in the first-order
equation (55), and we discuss them here only to illustrate
the general method.

Inserting the expansion of ¢' = gn' and fah in spherical
harmonics gives

©)Y},,

VL FL(L 1 L\(h 1L v g,
2L+ 1\-s 0 =S\ m my, M) EMIabhm

(72)

= [ and M = m. Interchanging

i > Z (73)

[
m)f(fb),,lml(k)- (74)

ll 1 l _ (_ (1= ll 1 l
(2 0 2)_( 0l ll(—z 0 —2)’ (75

i.e.when/; + 1 — [lis odd, which happens precisely for the
terms with /; = [ present only for s = *2. To express the
equations in the /VEB basis in a compact form we intro-
duce the matrices Hyy(l) with

Hyy(l) = 6yy (for [ even),
1 0 0 O
Hyy(l) = g (1) g (z) (for [ odd) (76)
00 —i O
and define
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[0 X=LV
FX—{_2 X—EB a7
Taking linear combinations of (74) according to (50) we obtain in the /VEB basis

Ly

iq - k (2)] L VY AT Y A o)
Hip(ly +1—1 K. (78
[ ak Zl Z z l Fy 0 FyJ\m z xr(h )f”m‘( (78)

L=ll—1m==1 my

The sum over Y encodes the mixing between the E- and B-mode polarization. Since the H matrices are block-diagonal in
1V and EB, and equal to the identity matrix in the /V sector, the sum is redundant for X = I, V. The equations are
decoupled and identical for X = I and X = V. Nevertheless, the notation introduced above is convenient in order to
present the results in the /VEB basis without having to resort to multiple equations for the different cases.

The third term in the list (70) requires no further work, since using (61)

[[ ] (ky )lklf(])(kz)] ( A _D(l))(kl)L[iqa'Esz(])( 2)] (79)

A convolution of the two mode momenta 1n the sense of (42) is 1mp11ed The application of the L operator gives as final
result the expression (74) with k"] — k5 ] and fab Im, (k) — (k,), or the corresponding result (78) in the IVEB
basis.

The generation of B polarization from E polarization through free-streaming requires propagation through an inhomo-
geneous universe, and is thus a second-order effect, known as time-delay induced B polarization [10]. The time-delay
effect is contained in the above equations through the off-diagonal terms Hj;(*1) = —i. The relevant product of Clebsch-
Gordan coefficients is

ablm

YA 1 2m my =0
= X X .
(2 0 2><m1 my m) Omm=m X 13T {1J2(l+11m)(lim) my = =1 (80)

In first order in perturbation theory we can always align the mode vector k such that only m, = 0 contributes. Then, using
(80) in the first-order analogue of (78) shows that EB mixing occurs at first order only when m # 0, which implies the well-
known result that no B polarization is induced, when there are no vector or tensor perturbations. At second order (79)
contains a convolution over all wave vectors, and the sum over m, always extends over m, = 0, = 1. It follows from (79)
and (80) that EB mixing occurs through free-streaming, when the first-order scalar perturbations A" or D'V do not vanish.

To summarize the result of this subsection: the second-order space-time derivative terms (free-streaming terms) in the
Boltzmann equation Fourier- and multipole -transformed, are given in the /VEB basis by

as 1 l 1 l
VTN I T ()

my=—11=[1—1] m=—1, mp; m

k[mz]
X Zny(z1 +1- 1)[ f;z),lml(k) + (A(l) —~ D<1>>(kl)% f;{;lml(kz)]. (81)

D. Momentum-derivative terms

We now turn to the multipole decomposition of the two terms involving dg’/dA in (56). With the help of (64) and (54)
the first one can be written as

[L dqi](”( fa) , D€t i . Oec (1?)
PO dA og | % agi €b ag'”

= (- I)Z Z (_’)['1/21 +1{[—ln ke AV (k) + DO G,)] ,]mlq_fg‘gllml( )

=0m;=—1,

i q . L s i s
+ [7zk1A<1>(k1) —~ a—Ezle“)(kl)]\/—z(e_ésYll €Y (kz)}, (82)

ab,lym,

where we used that €. is orthogonal to ¢, and n - ¢ = gn> = g. Next we express n and the polarization vectors in terms of
spherical harmonics according to (66) to write
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: — 1 [m;] 4 (el s i3vys [m;] 47T +
in-ky= Y ki ?Ylmz, iki(e0,Y}, + €.8,Y], )= Z k; (LYY

my=-—1 my=—1

s+1 +[l] Y+1 Ys l)

11y Lmy = 1ym
(83)

after taking the derivatives on the spin-weighted spherical harmonics using (A10) in the second equation. The remaining
steps are straightforward. We eliminate the products of spherical harmonics with (AS5) and apply the multipole trans-
formation operator (69) to obtain

' 9 1+1 [y l 1 l
L[left—hand side of Eq. (82)] - _D(l)(kl)q_fz(zlb),lm(k2) + Z Z z il
ab dq my=—1[=|l—1| m;=[, My g

ll 1 l aE [ ] a
X — 2 lmIAO g — (&
{(_S 0 —s)( 6]) 1 ( l)q aqfab‘l‘m‘( 2)

Voo f b1 o L 1
+\/—§{[11]"<—( +1) 1 —s>+[ll]s<—(s—l) -1 —s)}

k[’"’]l: . AW(k,) — ED(])(kl):Ifz(zlb),llml(kZ)}' (84)

As for the free-streaming terms the equations for the off-diagonal terms are slightly different, which implies conversion of
E into B polarization and vice versa. The last two lines in the previous equation, which originate from the derivative of the
first-order photon perturbation with respect to the direction of the photon momentum, correspond precisely to the weak-
lensing effect [8]. If x(s) denotes the expression in curly brackets in the third line of (84), the relation x(—2) =
(—1)4*171x(2) holds, and because of the similarity with (75) the same matrix Hy, appears in the transformation to the
Stokes parameters. The final result for this term in the /V EB basis reads

. a [+1 1 l
L[left-hand side of Eq. (82)] = —DW(k))g— “}m(kz)+ ( )
X 861 X mzzf] I |Zl 1|m1§ll my m
L1 ]
X kAN ) S H (1 +1— 1 v
{(F . F)( q) ) S Hiy a5 i (6
1 L1 1
+ 11 !
ﬁ{[']FX< ~-1 1 FX> [ ]FX(FX—i-l -1 FX>]
xk[’"ﬂ[ AN (k,) — EDU)(kl)]zH;Y(zl+1—z)f;{>,lml(k2)}. (85)
Y

The other momentum-derivative term at second order can be written as

[ 1 dg' ]<2>q afl) [ q

(0)
J J
. x+v,L - E(2)qq]6 O
PY dA q 9dq q

, (86)
q° dq

where X and Y, represent the g-independent and linear terms in ¢ in (65), respectively. We also used that the unperturbed
photon phase-space distribution is unpolarized. Since the only dependence on the direction of ¢ in this term arises from the
factors of ¢’ in square brackets, it contributes only to [ = 0, 1, 2. In the quadratic term we write

i 2 2
~04'9 _ A7 ij ) _
E}; po V5 Z X21m2Y2m2Eij = Z am2 [m Y2m2, (87)

my=-2 my=—2

employing the definitions (66) and (68) and the tracelessness of E;;. The remainder of the calculation is straightforward,
resulting in
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L[[ 1 ""i](Z)‘f—iig] ={[—D<2><k> 20U DO (k)15

PO d) q 9q

E ,
+ “—[ —ikmIAD (k) + ik[l’”]A(l)(kl)<A(1)(k2) + D“)(kz)> + B (k) + HC<1
q

(0)

. d
~an{)(030}5. o

In the /VEB polarization basis the multipole transform of
this term takes the same form with the replacement 6,, —
5X] .

Our final result for the Boltzmann hierarchy for the
multipole moments fg?)lm (k) of the Stokes parameter
phase-space densities at second order is given by the sum
of (81), (85), and (88) excluding the collision term that we
consider in the following section. These expressions re-
main valid in the case of massive particles with mass M, for
which

M2+ %. (89)

For photons the simplification aE/g = 1 can be applied
and the term proportional to H, in the second line of (88)
vanishes.

IV. EXPANSION OF THE COLLISION TERM TO
SECOND ORDER

In this section we compute the expansion of the collision
term in the Boltzmann hierarchy for the multipole mo-
ments f;?)lm (k). This is done in two steps. First we expand
(39) to second order. Then we apply the operator (69) that
converts to equations for the multipole moments. Our
treatment follows [12] extended to the polarized phase-
space distributions.

A. Nonrelativistic expansion

The cosmic background photons that we see have mostly
last scattered around the time of recombination, when the
temperature of the Universe was less than 1 eV.
Polarization of the cosmic microwave background is gen-
erated at this time or later. The electrons on which the
photons scatter are therefore highly nonrelativistic with

PHYSICAL REVIEW D 82, 063509 (2010)

7 \go
L )sew o

(88)

|
thermal velocities

T
lal _ JTe _ 1o
m, m,

(90)

We therefore perform an expansion of the Compton scat-
tering matrix element in the electron momentum and con-
sider the expansion parameter (90) of the same order as the
cosmological perturbations. Note that in this subsection ¢
and ¢’ refer to the electron momentum and not the comov-
ing photon momentum.

The electrons are in local thermal equilibrium and suffi-
ciently dilute to be described by the Maxwell-Boltzmann
distribution

8.(q) = ne( 27 )3/2e*<<q*mv€>2/2mam'
T,

et e

oD

Here T,, v,, and n, denote the local electron temperature,
bulk velocity, and number density of free electrons, i.e.
electrons not bound in hydrogen or helium. If x, denotes
the ionization fraction and p,, the baryon density, then n, is
given by

(1) (1)
n, = n£0)<1 + [%] + [%] + .. )
Pb Xe

to first order in perturbations. A complete account of the
collision term to second order therefore requires a calcu-
lation of the recombination history that goes beyond the
homogeneous Universe to obtain the perturbations in the
ionization fraction. We refer to [28] for a discussion of this
issue. In our equations we keep n, as an overall factor
without expanding it for the time being.

The integral over ¢’ in (39) is eliminated by the three-
momentum delta function, which sets ¢/ =qg + p — p’.
This allows us to expand

92)

@) =g(p+q—p)— g(q)[

8(p°+4q°—p"”—q")=08(p+Elq)—p'—Ep+q—p)

m,T

[ _p—p)g—mv) (- p')’? N 1((1) -p)g— mev))2 L ]
2m,T 2

m,T

=5(p—p'
(p—p o ap

5 cee

(93)

)+(p—p’)q 85(117—17’)Jr(p—p’)2 65(p—p’)+1((p—p’)q)2625(p—p’)+

2m, ap' 2 m, ap
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where p = |p|, p' = |p’|. The expansion is based on the observation that p, p’ ~ T while |g| ~ (m,T,)"/? and that the
difference of electron energies

2 I7) _ — )2 Te3/2
Elg) - Eq) = -4~ de=p) _wop) T g ©4)
2m, 2m, m, 2m, ml/?

The terms neglected in (93) are therefore of third order in the expansion parameter (90). Inserting these expansions into the
collision term the zeroth-order terms cancel, so that the collision term begins at first order as it should. It is therefore
sufficient to expand the Compton matrix element to first order. The result of expanding (32) and (40) can be written in the
form

i 2
MR, = 247Tm§a'T<SO,M/ww sg ew T 0(‘%)) (95)
with

Soavwe = €x(P) - €,(p')€,(p) - €,(p), (96)

+ el (p) <

>

€, (p)p €,(p)- p} )eA/(p)-ijei,; p,)eA(p)l’p}
p

Stavao = €(P)- f’;/(P'){sZi(P) +€,(p)- ewf(p’){e;(p
o7)

and o = 8ma?/(3m2) the Thomson scattering cross section. At this point the integrand is polynomial in ¢ except for
g.(q) so that the integral over ¢ in (39) can be expressed in terms of the moments of the electron distribution:

f (2:)3 2:(@) X {1’ g'q} = n X {13 m,vism 7,87 + mivivl} ©8)

B. Expansion of C,;[f]

It is straightforward to insert the nonrelativistic expansions discussed above into the collision term (39) and to perform
the integrations over the incoming and scattered electron momentum. It is convenient to express the results in terms of the
coefficient of the gain term in (39) and the difference of the gain and loss terms, given by

G():z\’ww ff\i/)w/(p/)l:aa/\(awb + fwb(p)) + 5wb(6a)\ + fa)‘(p))il,
99)

GLY = 28,38,/ ) (p') — 6Af,,,/[6mf§i§,<p> + 5wa£,"1<p>]

at ith order in the expansion. Note that while the difference of the gain and loss terms is linear in the phase-space
distributions, the gain term contains quadratic terms. In the definition of G Awe W use the unexpanded distribution
functions in the Bose enhancement factors.

The expanded collision term can now be written in the form

Culf] = n O'T[ dp'p j I:c“) + P+ P+ c(z) + @)+ c(z)] , (100)
ab
where €)' denotes the solid angle of the scattered photon momentum vector p’. This expression includes the first-order term
a6(p — p')
ey = So,/\A’ww’I:5(P p)GLY + v - (p — )TGL(O)]M/ , (101)

(summation over repeated photon polarization indices A, A/, w, ' is understood), and the second-order term split into five
contributions according to

cSup = Soavwwd(p = PIGLY, (102)
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a6(p — p')
cﬁb = SO,/\A’ww’v(EZ) “(p— P')TG E\O))"ww (103)

2

(
CAU ab SO,)\/\’w(u've

a8(p — p')
. (p R4 )—pGL()tl;’ww + Sll NWoo' 6(p o p/)v(el)[GLE\I/i’ww (104)

1 (p P ) ;96(p — p")
cff,f,ab = SO,M,W,E[U(EU (p ,)]2 GLE\O))./,,,G, + Sll N ON (p— p/)ygl)l o GL(A()j,ww,
(105)
2 / 2
@ (p—p) (06(p—D) ., 0 6(p—p') 0 °8(p—p) .. 0
Ckab ~ SO,/\/\Iww’ 2me apl GL)u\’wa)’ 2 ap/ NWowo' + Te apl2 GLAA’ww’
. (p—p) ) 06(p—p') .. 0
+ Sl NWoo' m—<_6(p - pl)G/\/\’ww/ + TETGL/\)\’ww’)' (106)
e
Because of the delta functions the integral over p’ can be ) 2) @)
performed after a few partial integrations. We also sum Calf1= n eorp XAV + e + ey
over polarizations and integrate over the solid angle, when- (2) ) @)
ever possible. We define the integral operator sy e T el (108)
1 [ dQ/ and work out the six terms separately.
I[...]= —[ dp' IIE[”'] (107) The first-order term yields
such that
)] = dQ/s ww| GLY_, = v - (n = 20")GL()_ — v (n —n') 6L LY (109)
4 D0 0w Ip=p' e lp=p' Py o= Wao

after partial integration. We note that S, and S* depend on the direction of p’ but not on its magmtude p’. The integral over
the delta function sets p’ to pn'. The subscrlpt p = p'” means that fab(p’) = fgh(pn’) in the expressions (99) for the
gain and loss terms. The zeroth-order distribution function does not depend on the momentum direction and is unpolarized,
hence

GLY. =0 O 6L =28,,6 o7 110
lp=p' Wow' - pa_P/ lp=p' Wow' B ak ( )
Inserting the expression (96) for Sj )4 into (109) we next obtain
dQ)’ PO
e = 56457 [ [ebmes o] sbtael (s, (pn) = ol (n — w0l ) p L
~ ey medme e, (118, s () + 8Pl (1)
This can be further simplified using
dq) dQ' 2
1 e ) = | S—[8 — '] = 251 (112)
and € (n)ei(n) = 8, to obtain the final result
( ), v ~
1] = =219 - 28, - o0 p L1 ULy [SX ey ] e, en) ] a

This expression is equivalent to the standard result for the first-order polarized collision term [29,30].
The second-order terms can be calculated in a similar way without further complications though the algebra gets
lengthier, when the matrix element S is involved. We also note that the gain term alone, which contains quadratic terms in
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the phase-space distributions, appears only in ¢, at second order, but the simpler zeroth-order expression

G = 288wt 1+ 1) | (114)
is needed there. The result for the integrated second-order terms is
(€2, = =372 + [ 48 cme o] eimel s (om) | (115)
d
e, = 2o m - o2p ML) a1
s ap
dQ)’ o F
I[C(Azl,ab] = n v f (1)( )+ [ {S’l"”k, (Dm _ 6”‘61’[119) c(n—=2n)+ vV (n — n’)pg]}
x el(m)e; (m)l et (n)el, (]}, (pn))] (117)
2 af (p) 2 £, (p)
@ 1_5 (12 4 2. 0 2] ) s [ IR z] 29°f;
e o] = du 300 + 5 -0l ]2 s R e
i ®j 1 Di_ (1)j J f ©
~ €ume/m) vl vV p? = (118)
4T, of’(p) | Te ,3f,(p)
L R R R B ] e SUIC)
m, m, m, ap
Here S7';;, equals s L Vwe With the polarization vectors stripped off, i.e.
St = Sk (&imnt 4 §lmpliy + §I(§mpk + §kmp't), (120)

C. Fourier and multipole transformation

The final step in the derivation of the collision term consists in applying the multipole transformation operator (69), to
perform the Fourier transformation, and to convert the equations to the Stokes parameter basis. Taking into account the
expansion of the prefactors 1/PY in (17) and the free electron density n, in (100), the right-hand side of the Boltzmann

hierarchy is of the form

J 1 a 3 N
S S0+ = L 5 O] = L[ 1 | =30 x 00 (121)
at first order, and
8 (2) _ 1 _ a a
A0 + = L Ol | = 22 AP | + gavL] el |
3 (0)0' a X {il:c(AZ) + 65,2) + C(Azi + csjz,z + c(,?) :IX(k)
Sp, 10 [6x, 0N,
(A“> + [ o b] [ L ] )(kl)l[cQ](kz)} (122)
b e

at second order. In order to arrive at the last equality in each
equation we used (108) for the collision term, (92) for the
free electron density, and set £ = p, since the collision
term refers explicitly to photons. We also define the op-
eration I[...] = L[I[...]]. The Fourier transformation of
the collision term is trivial, since it does not contain spatial
derivatives. Products of position-dependent functions sim-

|
ply turn into convolutions as indicated by the momentum

argument. In the remainder of this subsection we neglect
these arguments to avoid notational complications, but we
restore them in the summary of Sec. V. To complete the
calculation of the Boltzmann hierarchy, it now remains to
work out the multipole transformation of (113) and (115)—
(119).
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Inserting the multipole expansion (43) for ff\l,)w,(pn’)

and applying the L operator (69) the angular integrals
can be expressed in terms of the matrices

. 1 ‘ .

oo =_——— | dQe(n)e,(n)Y: (n), 123

Ol = = [ a0 ey, . a2

where s = 0 is implied for ab = + +, —— and s = =2
for ab = * = . Since the polarization vectors are spin 1
objects, the Q matrices are nonzero only for / = 2. To
transform to the Stokes parameter basis we use the matri-
ces (51) and define

ij
QX,lm -

in analogy with (50) for the phase-space distributions. In
the /VEB basis the Q matrices vanish for X = B for any
value of /. The nonvanishing Q matrices are given explic-
itly in (A14). The trace

Ux (a1 QLab]im (124)

(1)
D ubicd 511’ 5mm’

(125)

ij ij — 1
ab,lchd,l’m’ - 3

tr (Q;rb,z,n Qcaim) = Q

is diagonal in the multipole indices and defines the w
symbols. Similarly in the /VEB basis

= 2Uy, [ah]U[ah] X’wX’Y’ U[/\’ Ly

PHYSICAL REVIEW D 82, 063509 (2010)

for

()
Wyy

% [
= UX;[ah] UY;[Cd]wilz;cd' (127)

Only very few of the w(l) are not zero. In particular, a)(z) =

wSZE) = —4/3/50 is the only off-diagonal term that couples
to polarization. The other nonvanishing values are summa-
rized in (A15).

After these preliminaries we turn to the explicit calcu-
lation beginning with the first-order term. With the defini-
tions (123) and (125) it is straightforward to obtain from
(113) the expression

af(p)
ap

1
‘Saballvi Em]P

N 2
e = g{_f,(;]b),zm(l?) -

1
5 O Y /,,m(p)}- (128)
Note that the phase-space distributions fa bim(p) and he-

licity components of the electron bulk-velocity field v(;[)m]

also depend on the Fourier mode vector k. This depen-
dence is suppressed in this subsection as mentioned above.
The transformation to the Stokes parameter basis requires
the calculation of U X’[ab]f[c(l)]ab. For this purpose we use

— 1 0 771 -1 (1)
Ux [ab) U[hi] x @xry U[w’/\’]'Y’ U[A’w’], vV, m (p)

U* (1)
y,[,\/w/]fy,zm(P)

= 20xx® X/y/5Y’Yf§/13m(p)

e 1
Q% 1 Qv.t) = Q1Y = 3 @Xy B (126)
|
0) ) _
UX’[ah]wba;w'/\’f/\’w’,lm(p) -
(52)
=20,
and obtain
©)
5 af; (p)
1[0(1)]_—{ — () = 5x1511vi][)m]P 3
P
+ oy (yl}m(p)} (130)

When inserted into (121) we reproduce the first-order
collision term in the Boltzmann hierarchy for the polarized
phase-space distributions in a notation similar to [31]. The
last term in brackets describes the generation of the
E-polarization quadrupole in Thomson scattering.

The second-order terms can be calculated in a similar

way. The first two, I[cf)ah] and I[c?

v,ab

], have the same

Ylm(p)

(129)

structure as the first-order term and can be obtained from
(130) without additional work:

A 2
e = 2-r2m + sl ) asn
(0)
A d
e\l = =2 63,03, p 10 - am
e, m ap

By far the most complicated expression to transform to
multipole variables is the term [ [c Apap] 0 (117). In terms

of the O matrices and w coefficients introduced before we
find
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fc'? lll 1 (1)
ey, x =3 D > o
my=—1]=[l-1|m==1
L1 I, 1 N
x Hiy(l +1—1
l(ml my )|:<FX 0 FX>Z sl )y 1ym, (P)
L1 1Y\ ( (1) a0 )
* LH (1 +1— D)2 a
;Z(FY 0 FY) (L + ) lelml( )+ Papfy,llml(P)
A1 (1 1 L\ 11
—(—1m I ]
2L +1\m —my, m J\Fyxy 0O FX

X 3 Hy (1 + 1= 1)y ( £,

Y.z

(s

1 1+1

(1)
) Yllml

(p>)}

+_ Z z Z l llz3f§/l)llm]

mz—_lll [l=1]m;=~1,

[_1)m2 ”Zl Z 20+1 (1 1 L)(l 1 L)
L=y —rNQL + DQRL+1)\m —my M J\Fx 0 Fy

X Hy,(I+1~ L)[U(])] my %’?M I;C,llml"'v(el)l my g*LM Yllml]

N ’f i 2z+1<l1 1 L)(l1 1 L)

ey = V2L Wmy my M J\Fy 0 Fy

l.]‘k

(Dk g£j
[ X,Im

Dk
ZLM + U(e) fmz

We have made the sums over Y, Z explicit here. While
providing a closed expression for any X = 1,V, E, B, this
result is not very transparent. Recalling that the Q matrices
and w coefficients vanish for /, [y, L > 2 and noting that
the Clebsch-Gordan coefficients are nonzero only if the
angular momenta differ by no more than one, we see that
I[c ] vanishes when [ > 3. For any particular X the
sums can be worked out explicitly at the expense of in-

troducing explicit values of the Clebsch-Gordan coeffi-
|

2[af,"(p) ;
ITC(UZJ,X] :—{3)(1 o1 [5105mov(el)2 - Z o
3 ap my,my=-—
(0)( 1
P) 1 12 _
+ BX[ 7[5106 0z Ve Z
ap2 s my,my=—1
92 (0)
— 20+ 1M Qi p? J;’ ;p)},
p

i[c<2) 1= _5X,5,05m0{ f(o)(p)(l + f(o)(p)) [‘inT

e

o 1 1 1 1 1
v v 1
elm 17 e[m;] m, my, mJ\O0 0 0

1
2

YinQ ZLM]HZY(ll +1- L)] (133)

|
cients. We give the corresponding simpler expressions in
our summary of the Boltzmann hierarchy in Sec. V. The
last two terms to be converted to the multipole representa-
tion, / [cmi pland ] [ % ab] are relatively simple, since they
depend only on the unperturbed phase-space densities. In
particular, I[c K) ,] does not contain any perturbation var-
iables, hence angular dependence, since it arises from the

nonrelativistic expansion. The result is

S 1 1 1 1 1
i
m; m, mjJ\0 0 0

4]

Ve lm1Yelm,]

)

(134)

)] 8f1°;(p) 139

(1 £ 210 “”(p)}'

e e

Here and above in (133) we expressed the result directly in the Stokes parameter basis. The result in the circular
polarization basis is obtained by omitting the sums over Y, Z and replacing H I;Q( .) = 8pg (any P, Q); by substituting
Sx; — Oup, X —ab, Y = N/, Fx — —5, Fy — —5' (w1th s chosen according to the value of ab and s according to

0 G — QY orn i @0y i, j, 1, m) in (130)—(135).

PN i
N '), as well as wyy — o, ww/z sz,n

ba,lm? Y Im
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V. BOLTZMANN HIERACHY AT SECOND ORDER—SUMMARY OF EQUATIONS

At this point we can return to our original notation and express the phase-space densities in terms of the comoving
momentum g = ap, using pdfx(p)/dp = qdfx/dq. In the following we leave away the photon momentum argument g
on the phase-space densities but restore the Fourier mode momentum writing fy ;,,(k;). As mentioned above, by taking the
four values of X separately, we can evaluate the angular momentum sums over [, //, etc., and obtain a more explicit form of
the Boltzmann hierarchy. We summarize the second-order equations in this section. For convenience we recall the first-
order equations in the absence of first-order vector and tensor modes in the present notation:

) ) - ofy afy
—f1 (k) +Z(H)fl(zﬂ)ml(k)k[mﬂc%} — 0pg—— oq DW(k) — 15“qwk[’”]A“)(k)
( afy L) ( (1)
= &l =715,00 + 8usufk) ~ dug Tl + o (f, 0 =1, ()], (136)
(1) (1) (] - (1) [
V,m(k) + Z(H)fw,il)m (KK Corly = il = £, (k) + 85y 3 vamE)E (137)
0 .
00+ FFDL ey, ORIDR L = i, (KDL,
. J6
- |K|{— Enk) = 8n (f§ (k) — %fﬁém(k))}, (138)
P
a0+ FFOL e, CORIDG 0 i, (K™D, = |k|{— 23m<k)}. (139)
Here we introduced the abbreviation
k=-nYrra<0 (140)

for the collision rate. Furthermore, here and below a summation over m, = 0, £1 is implicitly understood in terms
containing the index m,, and m, is equal to m — m,. We also introduce the coupling coefficients

o+ _ NUHTEm(+2+m) oy NI+ 1) —m? . NI=1Fm)(IFm) ol P —m?
m+1lm mm ~— S5 A m*+lm mm — T S5 4
: V221 +3) 20+3 , V2021 —1) 20—1

Dl _ (l—l)(l+3)C+,, Do =‘/12_4c<l Dol 142(1+1tm)(11m) or _ _ 2m
mym I+1 mym mym i mym m*1,m l(l+ 1) m,m l(l+ 1);
(141)
f
as well as phase-space densities. Recall that the equations are given

in conformal Newtonian gauge for a comoving and aligned
observer (U; = 0, §; =0) under the assumptions of vanish-
Kilt,=—=(+2)D;" Kb = (= 1Dyt ing first-order vector and tensor modes (Bg-l) = Ef]l) =0).In

Kl%]lm _ _ D%m (142) the equations given below we keep terms involving the

first-order perturbations of the B-polarization densit
Note that we may choose k such that it points into the P fB m P Y
o . o to display their structure. Of course, under the above
three-direction, in which case k] = 0 and the first-order . . L
. . : assumptions there is no B polarization in first order, so
equations become particularly simple. ) ] .
We now present our main result, the Boltzmann hier- B,im vanishes, and the corresponding terms can be ne-

archy for the second-order perturbations to the polarized glected in numerical evaluations. The equations read

Rit = —(+2)Chh Ryl = (1~ 1)Cph,
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(2)
I Im

(k) + Z(H)fﬁ)ltl)ml(k)k[’”z]Ci;’m — 804

(0)
f L p)(g)

(0) (0)
d d
+ 5,1q—gq (—lk AP (k) + B (k)) — 8nq ({q o, B (k)

~ Dk, )q—fﬁ <k2)+z<+l>{k['"ﬂ(A“> DN {1, (DR

+ (140 = D0 Y ~ AV g I, )i

of

(0)
+ 2000 D0 )DI ;) + 813 L (1A ) (40 + DO )ik
dq q
(0)
d
6]~ 2,00 + 0 h) ~ g ({; 3,00 + 8215 (12,00 = VB, 0)

Sp, 10 (1) 9o
(A“>+[p”] e [ 2] Yo+ Buthe) = g Tl k)
b e

dq

+ Z(I l)vggmz](kl)f;l()li])m (kZ)Cm]m

d
+ 610{—vg?gmz](k1>(q A 2f§,‘fm,)<k2>cnt131
o (M afy £\ ~r0
Ve lm, ](kl)ve[mz](kZ)(4q B )lem

8q

4 4T (:)2 (0)
L )+ [T L) | U0 | Te o o
m m, m, dq

e

d
+ vl e ~(a5-+ 1)1, k)i

1
- E(qi + 4)(f§12)m1 \/_fl(El)2ml (kz)cmlm}

J
+ 512{5 vEfE,,,z (ky )I:(l]a— - 1>f§11)m](k2)cm|m

d
(q_ + 4 513)m1 Jif(El)gml (kZ)lem + \/6<q@ + 1) g,)2m (kz)Dmlm:I

dq

(1) (1) of) 7 11"\ 2
+ k k L Conm
Yo lm ]( l)ve,[mz]( 2)< dq 20 (96]2 ) ] }

1 -
#0050 (—a2e 1) (1, — VBrLh, )G (143)
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9 .
ﬁf P + 3 (%) fﬁ},ﬂ)m (k)1
. P N
_ D(l)(kl)q_ S)Zm(kz) + (+l) k[l 2] AW — pW (kl)fi/l)p_rl " (k2)Rm1m
Gq + ! )
(40 = D0 Yk) =~ EAV g DN, I
1
= |k|{_f§/2,)lm(k) + 311_ g)lm(k)
8p, 0 (1 1
(a0 22" 25 V(<A ) + 503 A0
Pp Xe 2

+ Z(I I)U(]) (kl)f(vl’)(lil)m (kZ)Cm]m

e,[mz]
1 0
+ 6zo—v2gmz](k1>(q— +3)A0,, GG
_ d
+ 850,k Dt o G) it = (45 + 3) 4 )i )

o 612 e [mz](k )q fV 1m, (kZ)lem}

(EZ)lm(k) + Z(+’ fg)(ltl)m ()ktm=) Dyt — (2) (k)k["“]DOfm

_ D“)(kl)q@ O () + Z(Ii){ [mz](Am _ D(1)>(k1)fE(l+l)m (ko) Kimrh
(k[sz(A<1> - D(1>)(k ) — k™AW (k))q )fE aﬂ)ml(kz)Dmlm}
- ik[l’"2]<A(1) = DOYkfS), e K
- i(k[szJ(A“) D<l>)(k ) — KA (k) g )fg)lml(kz)Dmlm
= 1ilf 2,0 - alzf(fﬁzgm(m VB12,,0))
(Aw ; [‘Zh]“) [ xx] " )(ko(—fgimwz) S f( = B, )2))

+ Y EDU A G Di = v ) ), (k)DL

e,[m,]

V6 9 -
+oép—— { S[)mz](h)l:(_qa— + 1)f;,11)m1(k2)cm;%n

10
(o 9) (2 i R 1) D
Lt ol I i)
+ 513£ o )( 2 1)@52,,1] B, ) D}
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- D(])(kl)qi
dq

4tk + z<1i>{k5’"”(A“) DO
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: 0(2)

E,lm, (k)k[mZJDm m

(kZ)Kmlm

# (|40 = DO Yk — A0 Ue)g N1, D

+ ik[1m2]<A(l) — D(l)>(kl)f(El,)lm|

(kZ)K%]lm

(A DY) — KAV g )1, (Dl

(2)

e

Pb

—1),,(D (1) +,1 (1) (1)
+ Z(_'_Dve,[mz](kl)fB,(lil)ml(kZ)D’"lm + Ue,[mz](kl)fE,zm

V6 o

+ 612 e[mz]( 1)( — + 2)(f§12)m1

These are the dynamical equations for the second-order
photon variables. The source terms depend on products of
first-order perturbations as well as on the second-order
perturbations A®, D® B(Z)az E( to the metric and to
the bulk electron velocity v o[m]" 'E‘o close the system of
equations, these quantities must be determined from the
second-order Einstein and fluid equations.

At this point it seems appropriate to compare our results
to those given in [18]. We already mentioned that the
collision term in [18] takes a different form before expan-
sion of the phase-space distributions around the equilib-
rium distributions, but that these structural differences drop
out at second order, at least for the frequency-integrated
equations. The derivation of the expanded equations in [18]
follows a different method from the one employed in the
present paper by first considering the collision term in the
electron rest frame, and then performing the boost to the
frame, in which the electron fluid moves with bulk velocity
v,. In contrast, we work directly in this frame adopting the
Maxwell-Boltzmann distribution (91) for the electrons.
Both methods should give the same results, since the
Lorentz noncovariance of the shifted Maxwell-
Boltzmann distribution is a higher-order effect. For a de-
tailed comparison we note that only the frequency-
integrated equations for the quantities Agf)lm(n, k) defined
in (148) below are given explicitly in [18] and that the
contribution from cg in (135) is neglected. The integrated
equations can be obtained from the above by applying the
substitution rules (149). After doing this we find that the
structure of the equations is in complete agreement but we
observe differences in the following terms: the octupole
collision source term for E-mode polarization [the §;3 term
in our (145)] has different numerical coefficients (this is
corrected in the arXiv version of [18]); in the B-mode
equation [our (146)] the coupling coefficient ='A7" differs

(k) — (A(l) n [Bph](l) I:%
B,im X

] )(knfg%m(kz)

e

(kZ)Dm]m

- \/Efﬁgl,)zml)(kz)D%?m}. (146)

|

from our corresponding Dm+1 ., 10 the collision term and
second-order Liouville operator, and the terms correspond-
ing to the last line before the equality sign in (146) are
missing [32].

VI. DISCUSSION

While a numerical or even qualitative evaluation of the
second-order Boltzmann hierarchy is beyond the scope of
the present paper, we briefly discuss the sources of B
polarization contained in the equations, and the tight-
coupling limit. Before proceeding to the discussion of the
collision term we note the different / dependences in the
weak-lensing and gravitational time-delay terms [33],
which we identify as the product terms of AV, DU, a
mode momentum k; or k,, and f(l) on the left-hand
side of the Boltzmann equations (143), (44), (145), and
(146). While lensing of X = I, V, E, B on itself is propor-
tional to [ for large [, since R™!, K*! o [ (for large [), the
corresponding time-delay effect is only of order 1, since
C*! D*! o« 1. In contrast, for conversion of E into B
polarization and vice versa, weak lensing and time delay
are effects of the same order, and both coefficients in-
volved, K*! and D%, are only of order 1// for large 1.

A. B-mode polarization from scattering

There are two sources of B-mode polarization in the
photon propagation terms on the left-hand side of the
Boltzmann equations. A well-known mechanism is the
generation of B polarization when polarized radiation
propagates through an inhomogeneous universe, usually
referred to as the weak-lensing effect. It appears first at
second-order and is contained in the terms involving the
product of the metric perturbation A" or DV with the first-
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order E-mode distribution f(El,)lm in the last two lines before

the equality sign in (146).

B-mode polarization is further generated in the presence
of vector or tensor metric perturbations. Around photon
decoupling Thomson scattering generates the vector and
tensor components of the E-polarization quadrupole which
is subsequently partially converted to B polarization
through free-streaming. In the present scenario we assume
that there are no first-order vector or tensor metric pertur-
bations. In the absence of any primordial vector or tensor
perturbations, they will still be generated at second-order,
however. B-mode polarization induced by these second-
order perturbations through free-streaming has been esti-
mated in [11]. The effect turns out to be relatively small,
though comparable to the weak-lensing effect in the small /
region of the BB anisotropy spectrum.

The full second-order Boltzmann equations exhibit fur-
ther sources for B polarization through the collision term,
which are absent in the first-order equation (139), which
contains only the damping term — g)lm(k) on the right-
hand side. The second-order collision term in (146) con-
tains products of the electron velocity and first-order in-
tensity and E-mode perturbations. Of particular interest is
the term

Vo o)

512 e[mz](k )< — T 2)f§lz)ml(kz)D2;,2m, (147)

which can generate a B-mode quadrupole directly from the
intensity quadrupole rather than indirectly through E po-
larization. A numerical analysis of the B polarization
generated from this term will be presented in [14].

B. Tight-coupling limit

We now examine the second-order equations in the
regime where the electrons and photons are strongly
coupled by Thomson scattering. For the following discus-
sion, we are not interested in the frequency dependence of
the photon distribution functions and integrate over g. We
define the frequency-integrated multipoles

[dqd £, (n.k, q)

A(") (n, k) =
X J dqq3f§°>(c1)

(148)

In the fluid description of photon radiation A%O equals the
fractional perturbations of the photon number density, and
Ag"l)m = 4v(”E 1is related to the bulk velocity of the photon
fluid.

Using partial integration, derivatives on photon distribu-

tions can be eliminated, resulting in the following substi-
tution rules in the Boltzmann equations in Sec. V:

PHYSICAL REVIEW D 82, 063509 (2010)

£O 1
af(o) Ly
aq
(0)
f — 20 (149)
i
3f g? 3m NG

X,Im*

The only term to which these rules cannot be applied is the
¢k contribution from (135) to the collision term for f 1,000

which contains nonlinear terms in the photon distribution.
Inserting the Bose-Einstein distribution for the zeroth-

order f;o) to calculate (148) for this term, we find

4q 4T, 0
(o)(1 n f(0)> [_ 44 2f(0))]q /1

m, m, m, d

T, ,ofY AT,-T
gLt -1 (150)
m, - dq Me

(0)

But in the strongly coupled electron-photon plasma the
electron and photon temperatures coincide, so this term
makes no contribution to the frequency-integrated
Boltzmann equations.

In the tight-coupling regime the collision rate |k| is
larger than any other scale of interest. The collision term
drives the system to equilibrium, which makes the left-
hand sides of the Boltzmann equations small. Thus the
Boltzmann equations can be satisfied only if the coeffi-
cients of || in the collision term on the right-hand side
nearly vanish. At leading order in the expansion in 1/|&|
this enforces a number of relations among the perturbation
variables.

Looking at the first-order equations in Sec. V we imme-

diately find A(Vl,)lm = Ag)lm = 0 for all /m. The intensity
equation (136) has no collision term for [ =0, so the
intensity monopole is unconstrained in the tight-coupling
limit. For the dipole / = 1, we obtain the familiar relation

AN, (k) = 40 (k). (151)

which implies that the bulk velocities of the photon and
electron plasma are equal. (The continuity equation for the
electron fluid yields the same relation.) Continuing with
the quadrupoles, we obtain from (136) and (138), the
equations

9 A Vo

_ (1)
E 12m __AE2m

N

2
240, = -Yoal, as
which imply A;lz)m = Ag,)Zm = 0. Likewise, all higher mul-
tipoles vanish. It follows that there is no polarization in the
tight-coupling limit, as expected, and only the intensity
monopole and dipole are unsuppressed.
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We now consider the second-order equations in the
tight-coupling regime. It is straightforward to see that as

. . . . . 2
in first order, circular and B polarization vanish, Ai/)lm =

Ag)lm = 0, as well as the multipoles higher than / = 2 for /
and E. The collision term for the intensity monopole is no
longer zero, but vanishes at leading order in the tight-
coupling expansion after inserting the relation (151), so
the monopole is again unconstrained. Setting [ =1 in
(143) we find the tight-coupling relation

AY (k) = 4<u§[>m](k) + vggm](k])Agfgo(kz)), (153)
which is similar to (151) but contains a term quadratic in
the first-order perturbations. Finally, we examine the quad-
rupoles. For [ = 2, we can write (143) and (145) in the
form

A+ = el AR, + P ]
(154)

L [

with
, 1
PP = 5] A0~ VBAR, 0 |
- 9ve,[ml:|(k1)ve,[mz](kZ)Cl;’lzm

(155)

1
10

- love,[ml](kl)ve,[mQ](kZ)C;,]%” ]

Setting the right-hand sides of (154) to zero yields the
tight-coupling relations

AE,ZZ)m(k) = 1Ove,[ml](kl)Ue,[mz](k2)cr71ﬁm
AL (k) = 0.

We therefore find that there is no polarization in tight-
coupling at second order. However, contrary to the first
order, there exists a nonvanishing intensity quadrupole
quadratic in the electron bulk velocity, as expected. In
Cartesian components and before Fourier transformation,
Eq. (156) corresponds to

AP = 3 (vl = 5,7

in agreement with [19], where this result has been obtained
from the unpolarized Boltzmann hierarchy. (A factor of 2
difference arises due to the different convention for ex-
panding quantities X to second order.) It follows from the
above that the size of the quadrupole is not modified when
the full polarized set of equations is employed, since the
E-polarization quadrupole vanishes in tight coupling.

Our results are at variance, however, with [20], where it
has been found that the tight-coupling intensity quadrupole
provides a large source for B-mode polarization. The argu-
ment is based on an incomplete expression for the

P = 15[ A%,00 — VBAR, (k)

(156)

(157)
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E-polarization source term (155). Since the authors of
[20] did not have the Boltzmann equations for £ and B
polarization at second order available, the source term
without the product of first-order perturbations was used,

(2
m 1 2 2

A1,2m

4
The source term was further simplified using the second of
the relations (152) for the second-order modes as done
after the second arrow above, which implies the assump-
tion that there exists E polarization in tight-coupling in
contradiction with (156). We conclude that in this case it is
clearly important that the full second-order polarized equa-

tions are used. Then it follows from (155) that Pg") =0,
and thus there is no source term in tight coupling that
would yield E and therefore B polarization from the line-
of-sight solutions of (154). The large effect reported in [20]
is therefore absent. Polarization is only generated, also at
second-order, once the scattering rate drops sufficiently so
that corrections to tight coupling become relevant.

(158)

VII. CONCLUSION

In this paper we derived the complete Boltzmann hier-
archy for the polarized photon phase-space distributions at
second order in conformal Newtonian gauge and in the
local observer rest frame under the assumption that vector
and tensor perturbations are formally of second order. This
assumption is well-motivated by the fact that our primary
aim is to study the B-mode polarization and non-
Gaussianity induced at second order, when the primordial
sources are small. A first analysis shows that the B-mode
collision term contains new sources that involve the inten-
sity of the perturbation rather than its E polarization. In
tight-coupling we obtain the intensity quadrupole found
earlier from the unpolarized Boltzmann hierarchy but no
E-mode polarization. The equations presented here set the
stage for their numerical evaluation, which we plan to
present in a subsequent paper.
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APPENDIX A: SUMMARY OF DEFINITIONS

1. Tetrad components

The tetrad components before specifying conformal
Newtonian gauge are given to second order by
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1 1
[eo]? = —(1 —A+2Amz - gy 41 U§”U§”)
a 2 2
.U
[eo) = —
a

1
[e]o = ;(Uk — By + (DM — A0y + (DO
) 4 gy 4 gh
+24A0)B) + EJ(U + B ))

1 3 1
[er] = E(‘S”‘<1 - D+ 5D<1>2) — Ey + 535”35{”

1 3
—5 U0 = 3DVE EEE})E.(].}()).
(A1)
J

20+ 1 (L +m)'(l — m)!
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Quantities without superscript are expanded according to
X=XD+X® + ... The one simplification that has
been made is that we set to zero the angles 6;, which
defines the orientation of the local inertial coordinate
axes relative to those of x. The expressions in conformal
Newtonian gauge adopted in this paper are given in (2).

2. Spin-weighted spherical harmonics

The spin-weighted spherical harmonics are defined for
[ = |s| and |m| = I by

v,(0, ¢) = (

such that for s = O the standard spherical harmonics are
recovered. Yj, carries spin s, since under a rotation of the
coordinate system with angle AW is transforms as

Is — LisAWys
Ylm =e Ylm'

(A3)

For any given s the spin-weighted spherical harmonics
define a complete set of functions on the sphere obeying
|

4 I+ )1 —s)!
[+s

[—s ) 0
X -1 l*rfs+mezmgocot2r+.9*m_,
Z( r )( r+s— m>( ) 2

YSI YS 2

_ Z JQIL + 12, + 1)
ims  N4mR2lI+ 1)

Lymy * lymy

The summation ranges are restricted by the triangular
equation for the Clebsch-Gordan coefficients

(}’flll '5122 :ﬂ)#o if|L—-4Ll=1=1+1, (A6)
and
(ll & z>:0 if m # my + m,. (A7)
my m, m
This implies in particular s =5 +5, 1in (AS).

Furthermore, the Clebsch-Gordan coefficients satisfy the
following relation:

bbb
m; m, m -m; —my, —m)

(A8)

[ [ l [ [ l
1 2 )( 1 2 )Y;m
m m, m -85 — S8 S

1/2 %
2 ?
) "2
(A2)
[
the orthogonality relations
[ dQYp Y, = 08 (A4)

Under complex conjugation Y§y = (—1)""Y* . A prod-
uct of two spin-weighted spherical harmonics can be com-
bined to a single one using

(A5)

f
The spin-raising and -lowering operators are defined by

P .
o, = _——.;i+scot0,
960 sinf d¢
P - (A9)
= i
0 =——+— — — scotf.
00 sinf d¢
We then have
oY, =LYy, 8y, =LY (AlO)
where
IF=JIFs)(*=s+1). (A11)

3. Unit vector in the spherical basis

The coefficients &, and x4 defined in (66) which
express n' and n'n/ in terms of spherical harmonics are
given explicitly by
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0 wa
&= <0> &x1 =—2< i ) (A12)
1 0

~1 0 0 L [0 0 F1 L/l Fi0
0 1 0] xoer=——2| 0 0 Xoer=—=|Fi -1 0] (A13)
0 0 2 6\x1 i o ve\o o o

4. Q matrices and w coefficients
The nonvanishing Q matrices introduced in (124) read in the /VEB basis

1 1 0 0
ij 1L
fo=z[0 10
0 0 1
1 0 0
i~ Lo o
1,20 635
00 —2
| 00 1 | 0 0 —1
=== 0 0 i b === 0 0
121230 1271 5./30
\ l -1 i 0
-1 =i 0 -1 i 0
y oo i 1 0 /N i 10
122 ~ Al 12-2 ~ 5 AR~
22 2430 ’ 24/30
\/_\0 0 0 0 0 0
(0 —i 0
g~ L[ 0 o
vV,10 = A~ /&
1003
\/_\0 0 0
[0 0 1 0 0 1
go= 1 lo o o= o 0 -
V.11 ~ I vi-1~— ~ 7
SN ' 2./6
\/_\—1 —i 0 -1 i 0
[—1 0 0
v~ L[ —1 9
E20 — T A~
’ 30
\/_\0 0 2
[0 0 -1 0 0 1
o= 1lo o -i o= 1o o -i
E21 — 5 /= E2—-1 "~ 5 =
' 2+/5 ' 24/5
\/-\—1 - 0 1 —i 0
| (1 i 0 | 1 —i 0
dn=—7%=|i -10 dya=—=|-i -1 0} Al4
N E22 7 57 (A14)
\0 0 0 0 0 0
The nonzero traces (126) are
1 1 3 3
0 2 2 2 2
o =1 wyy =, w51)=ﬁ, w(E§=§, 0 = 0@ = - = (A15)
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