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Inhomogeneous recombination can give rise to perturbations in the electron number density which can
be a factor of 5 larger than the perturbations in baryon density. We do a thorough analysis of the second
order anisotropies generated in the cosmic microwave background due to perturbations in the electron
number density. We show that solving the second order Boltzmann equation for photons is equivalent to
solving the first + second order Boltzmann equations and then taking the second order part of the
solution. We find the approximate solution to the photon Boltzmann hierarchy in € modes and show that
the contributions from inhomogeneous recombination to the second order monopole, dipole, and
quadrupole are numerically small. We also point out that perturbing the electron number density in the
first order tight coupling and damping solutions for the monopole, dipole, and quadrupole is not equivalent
to solving the second order Boltzmann equations for inhomogeneous recombination. Finally, we confirm
our result in a previous paper that inhomogeneous recombination gives rise to a local type non-

Gaussianity parameter fy; ~ —1. The signal to noise for the detection of the temperature bispectrum
generated by inhomogeneous recombination is ~1 for an ideal full sky experiment measuring modes up to
€nax = 2500.
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L. INTRODUCTION

The process of recombination depends on the energy
density of photons and baryons as well as the number
density of electrons. Perturbations in energy and number
density of photons, baryons, and electrons therefore makes
recombination a function of position. The resulting pertur-
bations in the electron number density, &,, give rise to
second order perturbations in the photons through
Compton scattering. The perturbations in the electron
number density were first calculated by Novosyadlyj [1],
who found that 6, ~ 5 X §, on large scales, where J,, is
the perturbation in the baryon density. Recently, Senatore
et al. [2] did a more rigorous analysis, including perturba-
tions in the escape probability of Ly« photons, and found a
similar result.

The factor of 5 enhancement of the electron number
perturbation suggests the possibility of observable non-
Gaussianity even if the initial conditions are completely
Gaussian. Assessing whether these effects are observable
by Planck [3] is therefore important, especially since
Planck aims to probe the non-Gaussianities in the initial
conditions. There have been many studies of different
second order effects [4-21]. In our previous paper [22]
(hereafter KW09), we calculated the bispectrum arising
due to inhomogeneous recombination and found that it
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gives rise to a local type non-Gaussianity with the non-
linear (NL) parameter | fx;.| = 1. However, we ignored the
second order photon monopole and quadrupole and elec-
tron velocity in the second order Boltzmann equation. In
this paper, we justify ignoring these terms. We also exam-
ine two different methods of arriving at the second order
solutions to the photon Boltzmann equation. The first
method is to solve the first and second order Boltzmann
equations together and take the second order part of the
resulting solution as the solution to the second order
Boltzmann equation. The second method is to solve the
second order Boltzmann equation separately. In KW09, we
solved the second order Boltzmann equation separately
and found that the first order photon monopole does not
contribute to the second order anisotropy, while the first
order photon dipole is partially cancelled by the first order
electron velocity. We prove that the two methods are
equivalent. This is also important for the self-consistency
of the perturbation theory. The important fact that the first
order source terms are suppressed is somewhat obscured in
the expression resulting from solving the first and second
order equations together. We also explain in the conclu-
sions section that perturbing the number density of elec-
trons in the first order tight coupling and damping solutions
for the monopole, dipole, and quadrupole is not equivalent
to solving the second order Boltzmann equation for inho-
mogeneous recombination. The method of perturbing the
first order solutions was followed in [23]; whereas, what
we want is the solution to the second order Boltzmann
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equation which we find in this paper. Following cosmo-
logical parameters are used for numerical calculations:
baryon density (), = 0.0418, cold dark matter density
Q. = 0.1965, cosmological constant 4, = 0.7617, num-
ber of massless neutrinos N, = 3.04, Hubble constant
H, = 73, cosmic microwave background (CMB) tempera-
ture Toyp = 2.725, primordial Helium fraction yy, =
0.24, spectral index of the primordial power spectrum n, =
1.0, and og = 0.8. All first order quantities are in confor-
mal Newtonian gauge and calculated using CMBFAST [24].
Electron number density perturbation is calculated using
DRECFAST [1].

II. LINE OF SIGHT INTEGRATION AT SECOND
ORDER: METHOD 1

We begin with the first + second order equations as
given in, for example, Egs. (6.6, 6.11) of Ref. [25]. We
drop the second order metric perturbations and products of
first order terms which do not contain §,, the electron
number density perturbation. However, we retain the full
first order equation since it gives rise to second order terms,
as we will later see. We drop the usual factors of 1/2
multiplied with the second order variables, and use @) =
A /4 as our perturbation variable for convenience. ® =
S8T/T is the photon temperature perturbation, while A is
the perturbation in the photon distribution function inte-
grated over momentum and normalized appropriately [25].
Superscripts (i) denote the order of perturbation. In what
follows, all perturbation variables are functions of coordi-
|
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nates on spatial hypersurface x, line of sight angle fi, and
conformal time 7 in real space and functions of Fourier
mode k, f, and 7 in Fourier space unless specified other-
wise. We will use same symbols for real space and Fourier
space quantities, but that should not cause any confusion as
only one quantity is needed at a time. Boldface quantities
are 3 vectors, while “indicates a unit 3 vector. We use the
following metric signature with ¢ = 0 + ¢@ + - - -
etc. and ignoring vector and tensor modes:

ds®> = a*(n)[—e*Ydn? + e 2?dx?]. (1)

Also, we decompose the first order temperature pertur-
bation in Fourier space into € modes as @(1)(.,7’ k,n) =
S (—i)2€ + 1P - K)O (1, k), where Py( - k) are
the Legendre polynomials. For the second order tempera-
ture perturbation, we use the spherical harmonic decom-
position defined by, ®@ (2) V(n,x) = [daO@(n, x,A)Y;, (A)
and similarly in Fourler space. Note that this differs from
the convention used in [25] by a factor of (=)~ ¢ 2f‘—7+rl.

Also, the electron velocity, V(e), is equal to the baryon

velocity to a high precision and we will drop the subscript
on Vv, in the rest of the paper.

We start with the first + second order Boltzmann equa-
tion for photons in real space, ignoring second order metric
perturbations and second order terms which are products of
first order terms but do not contain 8, = (n, — 71,)/7,,
where n,(n, x) is the electron number density and 71,(7)
is the mean electron number density:

i[(@(”(n x, 1) + 07, %) + 09(5, x, )] =~ (¢D(m, x) + D (n, x))
dn an

= ﬁe(n)ara(n)[(l + 80 (1, x))(CV(n, x, 1) — ON(n, x, i) — OD(n, x, i) +

0% (7, x)

1
aT

+52®ﬁmemm+¢%nm i @)
where we have defined C'") which is given in Fourier space by
CO(n, k, i) = @g”(n, k) - 5@5”(77, K)Py(k - 8) + v (n, k) - & 3)

d denotes the total derivative which is equal to <

dlrectlon or is the Thomson scattering cross sect10n We now add 7i,o7a(l + 8“))1//(1) to Eq. (2). Doing this and

rearranging terms, we get

[di — 1+ 52”)][@(1) + 0 + 0] = R(y, x, ),
n

R(n, x, i) =

i W 4 40y Oy 4+ 0y 4 L
(@ + ) T[(1+5€)(c )+

1 2)
O

Z@)(” Vauli) + v - | @
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where we have defined 7(n) = —ii,ora, with 7(n) =
- f 20 fdm. mg is the conformal time at a = 1. Now, we
use the fact that along the photon geodesic x is a function
of n to write Eq. (4) as
e 70 an' #1480, 4
dn

[(®(1) + ¢ + ®(2))€an dt(1+0] )|x(n’>]

= R(n, x, h). (5)

Note that the above equation can only be written if the
integrals appearing are evaluated along the line of sight and
so x ceases to be an independent variable outside the
integrals.

Integrating Eq. (5) formally along the line of sight
results in

(G)(l) + ¢(1) + ®(2))|x(7]0)(TIO)

Mo 0 dn'+(148W)] s R
= ,/(') d‘l’]ef" " 0 )[R(n) x) n)]X(‘I])

1o _
= ["ane T(1+ f dn’ 75()|x(n'))[R(”’7,Xn)]x(n)

(6)

In the last line we have assumed that fgo dn’f'rc?(el)lx(n/) is
small compared to unity and approximately of same order
|
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as 6%, which is a good enough assumption once recom-
bination starts.

Taking the second order part of the above equation, we
get

Oy (m0) = ] " dne—f[<—f>{aé”<c<l> + )

®,—820) ! (2
+ 47T + 10 Z®2mY2m(n) + V(2) . n}

+ {[7]0 dn/TB(el)lx(n’)}{i((ﬁ(l) + lp(l))
n an

e+ )] ™

x(1)

If we consider a single observer, then we do not have an
independent three dimensional space variable with respect
to which we can Fourier transform this equation. If we
consider all possible observers, then y = x(7,) spans all
space at time 77 and we can write x(7) = X, + in =y +
fn(n — 7y) along the line of sight. Now all quantities in
Eq. (7) are functions of the same variable y, and we can
take Fourier transform with respect to it. The result is (Note
that all perturbation variables are Fourier transforms of the
respective quantities in the rest of this section; we omit the
arguments (k) where there is no confusion.)

O ki) = [ dneik‘ﬁ("‘”O)e‘T(")[(—f(n)){( [ S0 O = )+ 0k = )

@g’f‘f(n, k),

Z®(2) 7, k) Yo, () + v (n, k)~ﬁ}

31,/
{ (21:)3 [ dn' ik i(n' = n)T(n/)B(l)(k' )} X {aan(d)(l)(k — K, ) + L//(l)(k )
- T(ﬂ)(C(l)(k - k/, 7]) + ¢(])(k — k/, n))}:l’ (8)

where we have used the properties of Fourier transform
when the variable getting transformed is shifted and which
gives the phase factors on the right-hand side. We could
also have chosen initial point xy =y’ or x(n;) = y; as our
integration variable for any fixed n; and got the same
result.

III. LINE OF SIGHT INTEGRATION AT SECOND
ORDER: METHOD 2

Another way to do the formal integration of the
Boltzmann equation is to move all terms containing s
and primordial potentials to the right-hand side in Eq. (2),
take Fourier transform of the resulting equation and then
integrate along the line of sight. This is in fact what is done

[
in [25] and KWO09. In that case, the solution for @? is

OD(ng k) = f ™ gl ) ~x(no)) =7
0

<[Eaf([ o atoeno =)
Ot

am

1oz®(2) Y () + v - n” 9)

— 0k — k’))) +

We now integrate by parts in variable 7 the term involving
O, The boundary terms vanish, resulting in
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. &K
0"]0 dnezk-(x(n)—x(no))e—7%< (2 )’; (1)(kl)®(1)(k k/))

K ikex(n) [0 ik x() + (D) (1 N ( =7 Hi(k—k')x(1) @(1)
(2—)36 ik-x(mg f dne® X5,/ (K ) (e e xmEW(k - k')

T 0

31/
e [ [" NS5 s L, )| (e menk — kD). (10)
27)° 0 7 dn

We now use the first order equation for ®) to obtain

31,1
ad’k o~ kox(ng) f’?o
Qm)? 0

[ el e e

I k — Kk’
X e’(k_k)’x<7’)(—7'-C(1)(k — k') —i(k — k) - ngD(k — k') + —8¢>(6 ))
n

K iixtm—xino) f
@)}

X e—T<—¢C<1>(k — k') —i(k — k) -ag(k - k') +

By doing integration by parts once again on terms con-
taining ¢ in Eq. (11), similar to what is done in solving the
first order Boltzmann equation [26], and then using the
result in Eq. (9), we obtain Eq. (8). This shows the simple
connection between the two approaches.

In KW09 we worked with Eq. (9). In Eq. (9) it is readily
apparent that there is cancellation between the collision
term C and ®. This point is somewhat obscured in
Eq. (8) since the cancellation is now happening between §,
terms. Nevertheless, we have shown the exact equivalence
of the two approaches and that there is cancellation of first
order terms which leads to a small value of fy; even
though the electron number density is enhanced by a factor

of ~5. It is also clear from Eq. (9) that the term which
|

O9(k, fi, n) + in - kOD(k, i, ) — 7OV (k, fi, )

&K
SOk, A, 1) = —7 f
( n T’) T (277_)3

o)k ~ K, )] O (k' )

2

dp(k — k')
T) (11)

[
causes the cancellation, 8(61)@)(”, has no direct counterpart
among the source terms in the first order Boltzmann equa-
tion. Thus we have to be careful while using analogies with
the first order Boltzmann equation to estimate the second
order solutions. We will return to this point in the conclu-
sions section.

IV. BOLTZMANN HIERARCHY AT SECOND
ORDER

The Boltzmann equation for photons in Fourier space,
ignoring all the first order terms that do not involve the
electron number density perturbation is [25]

= S?(k, n, 1),

=S (=) e" + DPu(i - kO (K, ) + i - K'v (K, 1)
€//

PR N0 ) | o Tk )+ {5508, (e m Y ) + vk 7))

Jam

= —+f PX sk~ K, n)[—

> (=)@ + DPu( - k)OL) (K, 1) + i - (k'vD (K, ) —

VK, 7))

(277)3 01=2
__P (k/ 1) (17 _ ®E)20) ) A (2) A
Kk )TV, ) [ =+ N )+102®2m(k,n)Y2m/(n)+v (k,n) h |, (12)

where V(yl)

is the first order photon velocity. Vﬁ,l) and V(yz), the second order photon velocity, are defined as follows [25]:
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d3
(p'y + p'y)V'y = [ﬁfp’

VP (k, 1) f dhO?(k, 0, A)h — 4 f

2m)’

V() =
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3 [ ROV, 7, )i,
o
(13)

3
@3”(1( —k, VY (K, ) =~ — fdﬁ@)(z)(k, n, A)A.

In the last line we have ignored the second term since it does not contain 5", We remark that this extra term in the above
equation partially cancels a term of the form @f)l) X v in the full second order equation. The dot product of photon
velocities with line of sight direction which appears in the Boltzmann equation is given by

VYK -h = =i K, narY vy (k)Y @),
m/

VP&, ) i = 0P (K, 7)Y(0). (14)

We choose the Z axis along k and take the spherical harmonic transform of Eq. (12):

~e)
Oeflm +

C+1—mE+1+m

) _ @ _ o[ [(€ = m)+m)
i = 7% ’k[ 2¢—1)2¢ + 1)

o, [ ¥

(¢ +3)2¢+1)

sk — K/, n)[ (1= 8)(1 — 8¢)4m(—) OV, Y7, (k') —

(2) (2)
O€+ lm] + S(’m’

ATy (K8 (K, n>]

@m)? 25
1
- f[@ﬁﬁ) 8080 + m®52,315€2 + VP8, + sglvam]. (15)
In the above, we have defined
&K 4 .
sm = ] Sk n)[{ v, (KWK, 7) + 310 (K, n))], (16)
a

and V,(,%)éel is the spherical harmonic transform of v?.fi. All second order quantities are functions of (k, ). Note that
different m modes are independent of each other. Now we can write down the Boltzmann hierarchy explicitly:

2 ik = (2 2 4—m?_ . A2 2 m
6o = —\/3(9(10), 6R = - \[(930)5,"0 + 1/ ®< V- AV - 0P + s (17)
4 — m? 9 — m? 97
62 = 1/ 02 + 1/ @m —18 02 — ism,. (18)

For € = 3,
Ot = 700, ’k[ (2(5 A DR R G YA oY Aar I Al ]
311
= [ Gy~ K 4700, 3, () — T8, RO, ) (19)

B _ .
S5 = [ 0k = K =m0 O (K )Y, ()

@2m)?

We note that the first order monopole does not appear in the
above equations. Also the first order photon dipole is
partially cancelled by the first order electron dipole. Thus
only the first order quadrupole and higher multipoles con-
tribute to the hierarchy. These first order terms are small
during recombination, and thus we should expect the sec-
ond order terms due to inhomogeneous recombination to
be small. This cancellation counteracts the production of
non-Gaussianity due to enhancement in 6 2

V. APPROXIMATE SOLUTION OF BOLTZMANN
HIERARCHY

To find the approximate solutions, we can use the fact
that during recombination 7 > 1/7. Then, as in the case
of the first order Boltzmann equation, we can attempt to
find an approximate solution at different orders in 1/7. In
the limit of +> 1/, which is true during the entire
recombination period except at the very end when the
visibility also drops sharply, we can ignore the € =3
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modes. Also in Eq. (18), we can ignore terms with € = 2
which do not involve 7. Equation (18) with these approx-
imations is

10ik |4 — 10
e0p = 1/ ®(2> + 8. 20
97 15 9 "2 (20

Using this in Eq. (17),

. 1 2(4 — m?)k?
2 . 2 2
08 = 1050, + 242 g
101k 4 — m?

(2)_|_ m
<1 0 0P +sm1 (21)

TS — VY -

To proceed further, we need the momentum equation for
baryons [27]. Note that we ignore the second order metric
perturbations and the terms arising from the first order
perturbations that do not contain 5(31) as we did with the
Boltzmann equation for photons [2,25]:

8 (k — k', )

av? &K
—— = —HV + [
@2m)?

an
VI (K, 7))

+ (v (k, m) — VO(k, n))]

[ [ &K
= EU ook —Km)

+ (O, 7) - VO(k, n»]. 22)

X (V(l)(k/, 77) _

VI (K, 7))

We have defined ratio of mean baryon to mean photon
density R = 3p,/4p,,. Ignoring the expansion term above
introduces only a small error on small scales [factors of
(1 + R)'/*] which is not important here (for example, see
Chap. 8, Exercise 5 in [26], also [28]). We take the dot
product of above equation with line of sight direction i and
take the spherical harmonic transform of the resulting
equation. The result is

Vs

0] (23)
an

F

We can expand Eq. (23) perturbatively in R/7 as in the
first order case [26,28]. At zeroth order in R/, all the
source terms (terms which are products of the first order
terms) vanish. This causes all the intrinsic second order
terms to also vanish if we impose Gaussian initial condi-
tions. Thus all terms in the hierarchy are of first order or
higher in R/7. At first order in R/ 7, we have

v = 0P — sm (24)

v
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Using this in Eq. (23), we get up to second order in 5;,

R o

Vi = O, = S5, + 2 5O~ S 25)
Continuing like this, we can obtain the terms at higher
orders in £ . Note that in first order perturbation theory we
need to go to second order in factors of 5; to get the damping
solution. However, here we are interested in the contribu-
tion of 6, to the second order anisotropies which are
intrinsically of first order in £, and it suffices to work at
first order in visible factors of ’: This gives us the leading
term in the solution of the second order Boltzmann equa-
tion. We comment on the solution beyond this approxima-
tion in Appendix B. At leading order in § the equations
simplify a lot and the solution is similar to that of the first
order Boltzmann equation [28]. Using Eq. (25) in Eq. (21),
we get [dropping a higher order term from Eq. (21)]

ik |1 10ik 4 — m?
@(2) ! 7@(2)6 _ gm
m T R\3 0% 9+ RV 15 U9
R S
1+R asv (26)
n
. ik -
65 - - of
45 50
—K220f) — ikzcgsgz — ikRN/3c2 0L,
9 an
(27)

The solution to this equation in the limit that the sound

= /1/3(1 + R) is slowly varying is given by
Of = Cy sinlkr,(m)] + C, coslkr,(n)]

- [la [4sz 2(0/)$%(n') + ikR(p)
X \Be2(y') 2 aU( ,)] sin[k(ry(n) — ry(n))]

keg(n') '
(28)

speed c;

where we have defined the sound horizon ry(n) =
JJdn'c(n’). With the Gaussian initial conditions, the
second order part of temperature anisotropy and its deriva-
tive are initially zero. Thus C; = C, = 0. Integrating by
parts the S, term we get, assuming slowly varying c,

o =~ [a [ika(n )00 ]
X sin[k(r,(n) — r,(17)]
~ [ an R G )S3, ()]

X cosk(ry(n) = ri(n")]. (29)
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Taking derivative with respect to 7 of above equation, we
get

i3

@ _ 2
O =— ®00

-- f "an[ B ke e, ) |

)
X cos[k(ry(n) — ro(n')]+ R(1m)3c2(1)SS, (1)

- [0 " dn'[R () 3ke2 (), ()8, ()]

X sin[k(ry(n) = ry(n')] (30)

For m = =1 modes, we can directly integrate Eq. (26):
10ik
o . [ d s
= == | SR

+5 +RS§’U 31)

We can combine Egs. (30) and (31) to get

0P = — fon [4“/_166 (1')es(m)SY z(n’)]
X COS[k(rs(T]) - rs(n/))]amo
- [0” dn'[R(n")3kei(n')e (m)S, ()]

X sin[k(ry(n) — rg(m'))18,0

10ik
[dn ST RG ,))\/—s ()1 = 8,0)

+—S’" 32
1+R 52)

The quadrupole is given by ignoring the 1/(7) term in
Eq. (20) (at the level of approximation we are working):

03, = 955 (33)

Finally, the second order baryon velocity is given by
[Eq. (24)]
r(r%) — @(2) m

= ["an [ ke e st |
0
X cos[k(ry(n) — ry(n'))18,.0
- ./01] dn'[R(n")3ke2(n")e,(m)SS, ()]
X sin[k(ry(n) — rg(m")16,m0

77 ; 10ik m (N1
_[ 9(1 + R( /))\/7 2(77 )1 = 8,0)

1
1+R

— 8. (34)

PHYSICAL REVIEW D 81, 103518 (2010)

An important point to note here is that the photon and
baryon velocities are not equal. In particular, the sign of the
last term above is different (in addition to a factor of R).
These were assumed to be equal in [23].

VI. NUMERICAL RESULTS

We want to calculate the angular averaged bispectrum
due to @E)QO), V2, and @;%,)1 The contribution from O, as
well as the S5, terms in V,(,%) to the angular averaged
bispectrum, 1is exactly zero. This is shown in
Appendix A. The reason that the contribution from @BZO)
vanishes is the absence of first order monopole from the
second order Boltzmann equations. The contribution to

@E)%) from the first order dipole and quadrupole averages
to zero. The same is true for the contribution from first

order quadrupole terms in V,(nz).
Thus the only terms which will give nonzero contribu-

tion to the angular averaged bispectrum are ®(2%7)1 and S,

terms in V,(,,2 ), ®(22n)1 and the last term in Eq. (34) are same as
the terms already calculated in KWO09 with additional
multiplying factors. The integral term involving Ss, in
Eq. (34) can be calculated exactly following the calculation
in Appendix A. However, there is an easier way to estimate
the magnitude of this term. Figure 1 shows the function
sin[k(r;(n) — r,(n’))] at k = 0.25 for different values of 1
as a function of 7’. In general there will be cancellation due
to oscillations in the sin[k(r,(n) — r;(n’))] as well as S,
(Fig. 2 and [1,2]). We can get an upper bound for the region
after the peak of the visibility function when the magnitude
of 3@51) — ivM is monotonically increasing by assuming
that the last half cycle of the sine contributes without any
cancellation and Ss,(n’) ~ Ss,(77). Thus we arrive at the
following approximation (with slowly varying sound speed
assumption):

2 300 310 320 330 340

m (Mpc)
-0.5

-1.0 F

FIG. 1 (color online). sin[k(r,(n) — r,(n’))] for k = 0.25 as
a function of n’ for different values of 7. All curves end at

n' =
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FIG. 2 (color online). 3(9(11) — iv as a function of conformal
time n for wave number k = 0.2, 0.3, 0.4 Mpc_l. Note that it
becomes almost monotonically increasing at large 1 when
photon free streaming becomes important.

- fo " an'TR(n)3ke () ey (m)SS, ()]
X sin[k(r,(1) = r, ()80 = —[R(M3(1)SY, (1)]
x j O k()] sinlk(r () = ()10
kry(n)—m

__ 2R(m)
- 1+R(7]) ng(n)am()’ (35)

where the = sign is understood to be with respect to the
magnitude of the terms. For most values of 7 and k, where

we do not have a monotonic 3®(11) — v there will be
additional cancellations due to the oscillations in 3@)(11) -

—
o

TTrTT,

T

T
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FIG. 3 (color online). ®él), |3®(11) —jvW], and IG)(ZUI as a
function of % for wave number k = 0.001 Mpc~'. Also shown

T

is the visibility function g(n) = —7e™".
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FIG. 4 (color online). (E*)(()l), |3®§1) — v, and |®(21)| as a
function of n for wave number k = 0.01 Mpc~!. The key is
the same as in Fig. 3.

iv'". Thus the above term will be smaller than or at most of
similar magnitude as the last term in Eq. (34). As we will
see later, the last term in Eq. (34) gives only ~5% con-
tribution to signal to noise and is thus not important.
Before presenting the numerical results, we note that S,
remains small until the very end of recombination. By the
time S, finally becomes somewhat larger, the visibility
function becomes small suppressing the contribution to the
CMB anisotropies. Figures 3—6 show a comparison be-
tween O, 30" — iy, and ®(2l) for wave numbers k =
0.001 Mpc~!,0.01 Mpc™!,0.1 Mpc™!,and 0.2 Mpc~!. In
interpreting these figures it should be kept in mind that
3@)(11) — iv') is weighted by the derivative of the spherical

0.6 T T
0.4F
0.2}
0.0—7"

~0.2}

70.4 U ST S S YN NN ST SN S (SN SN SN SN AT SN SR SR [N ST SR S N W S T |
260 280 300 320 340 360 380 400
n (Mpc)

FIG. 5 (color online). O, 30" — iv™, and O as a func-
tion of 1 for wave number k = 0.1 Mpc~!. Note that at small
scales 3@)(11) — ivM becomes comparable to G)(()l), but its con-
tribution to the bispectrum is suppressed because it is weighted
by the derivative of spherical Bessel function. See also Eq. (10)
and Fig. 3 in KWO09.
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70.2:‘1“‘1““1‘:/“1“‘1“‘1“‘1“‘
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FIG. 6 (color online). (9(()1), 3(9(11) — v and ®(21) as a func-
tion of 1 for wave number k = 0.2 Mpc~!. Note that at small
scales 3®(,1) — ivM becomes comparable to ®(1), but its con-
tribution to the bispectrum is suppressed because it is weighted
by the derivative of spherical Bessel function. See also Eq. (10)
and Fig. 3 in KWO09.

Bessel function [Eq. (10) in KW09] in the expression for
bispectrum which is smaller than the spherical Bessel
function by about an order of magnitude near the peak.
Thus even though in Figs. 5 and 6 3@31) — iv) seems

comparable in magnitude to @)(1), its contribution to the
bispectrum is much smaller.

We will collectively refer to the source terms calculated
in KW09 as S¥W9_ that is all the terms on the right-hand

0.06[ '

0.04fF e e .

0.02}

fNL

0.00}

-0.02} !

-0.04L

500 1000 1500 2000

mox

2500

FIG. 7 (color online). Confusion with primordial non-
Gaussianity parametrized by fyp. Contribution of G)gzn)l =
10/98™, and V&) = —1/(1 + R)S™, is only a few per cent of
the contribution from SXW% the source terms calculated in
KW09. SKW0 gives a cumulative contribution of fy; ~ —1 at
€nax = 2500. The calculations were done including Fourier
modes up to k=0.5Mpc~!. Contributions from k=
0.4 Mpc~! are negligible.
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FIG. 8 (color online). Signal to noise ratio for the bispectrum
generated by inhomogeneous recombination for a cosmic vari-
ance limited experiment as a function of the maximum multipole
moment €. S/N due to S¥V is ~1 for £, = 2500.
Contribution due to @f,}, =10/95%, and v? = -1/ +
R)S™ is only a few percent of the contributions S¥W%. Also
shown for comparison is S/N from primordial non-Gaussianity
with fy;, = 1. The calculations were done including Fourier
modes up to k=0.5Mpc!. Contributions from k=
0.4 Mpc~! are negligible.

side of Eq. (9) except @f)%), V@, and ®2 . Figure 7 shows
the confusion with primordial bispectrum of local type as
parametrized by fy; defined in KWQ09 as a function of
maximum € mode measured by an ideal experiment due to
02 =10/987 and V' = —1/(1 + R)S™,. For €y =
2500 we get fnr, ~ —0.02, a few percent of the value found
in KWO09 for S¥W%_ An important point to note is that the
sign of the bispectrum at small scales is same as the net
contribution from S¥V%_ Thus the new terms calculated
here will add to the bispectrum from S¥W% and should
increase S/N by a small amount.

In Fig. 8 we show the signal to noise ratio for the
detection of the bispectrum generated by inhomogeneous
recombination for a cosmic variance limited experiment as
a function of the maximum multipole moment observed
gmax [29]

1 (Bre*")?
= ’ Frec = ’
JF A¢6,6,C,Ci, Co,

Apee, =1+ 800, T 80,0, T 80,0, T 28¢,0,00,0,
(36)

Z|n

€I 5(52 S€3 Semax

where Bfgf 26 i the angular averaged bispectrum generated
by inhomogeneous recombination , C, is the CMB angular
power spectrum, and Jy,, is the Kronecker delta function.
We get S/N~1 at €., = 2500. Contributions from
SKW09 and ©2 and V2 calculated in this paper are shown
separately. SXV% give §/N ~ 1 compared with S/N ~
0.05 contributed by the second order baryon velocity and
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second order quadrupole. A future high-resolution cosmic
variance limited experiment may thus see a hint of inho-
mogeneous recombination in the bispectrum.

VII. CONCLUSIONS

We have analyzed two different ways of integrating the
second order photon Boltzmann equations. It is necessary
for the consistency of perturbation theory that it should not
matter if you solve different perturbation orders together or
separately and we find that it is so in this case. We can

define a typical second order term to be of the form @61) X

@E)l) with a prefactor of order unity and which can be
expected to give rise to a local type non-Gaussianity pa-
rameter |fy.| ~ 1. Then we have shown that the second
order monopole, dipole, and quadrupole are smaller than
typical second order terms. Although we have derived this
result in the tight coupling limit to second order in R/ #, the
fact that these terms are small is valid in general. This is
because the cancellation that causes these terms to be small
occurs in the original Boltzmann equations.

It can be seen that perturbing the electron number den-
sity in the first order monopole, dipole, and quadrupole
solutions does not work as follows. The full first order
solution can be approximately written as a product of an
oscillating part and a damping part. Senatore et al. [23]
perturb just the damping part to estimate the second order
solution. The oscillating part of the solution does not
contain explicit dependence on the electron number den-
sity, but the equations used in arriving at that solution do
depend on the electron number density [26]. To get the
oscillating part, we have to expand the baryon momentum
equation to first order in R/7. The factor of 7, however,
cancels when the baryon momentum equation is substi-
tuted into the photon Boltzmann equation and does not
explicitly show up in the resulting oscillating solution.
Similar cancellation happens for the damping solution as
well. When the electron number density is perturbed in the
original equations these additional factors of 7 lead to
additional terms in the second order equation that depend
on electron number density perturbation. Thus there is no
way to perturb the electron number density in the first order
oscillating and damping solutions to take into account
these extra second order terms, and the only way to get
the correct second order solution is to solve the second
order Boltzmann hierarchy explicitly as we have done. In
particular, the terms missed come from the 8,0 term in
the second order Boltzmann equation which also results in
the cancellation of the first order monopole in the second
order Boltzmann hierarchy and gives the second J, term in
Eq. (8).

In addition, the correct solution should satisfy the rela-
tion between the second order monopole and dipole,
Eq. (17) (first equation in the Boltzmann hierarchy). The
solutions given in Senatore et al. [23] clearly fail to satisfy
this relation. In particular, this relation says that the second

PHYSICAL REVIEW D 81, 103518 (2010)

order monopole and dipole should have the same depen-
dence on angular wave numbers, the factors of Y, gm(lA(). The
first order solutions are the solutions for the transfer func-
tions and depend on only the wave number magnitude. So
it is not surprising that perturbing the first order solutions
fails to capture the angular dependence of the second order
solutions.

Physically, what the absence of the first order monopole
from the second order Boltzmann equations means is that if
we have a uniform radiation field then scattering by a
stationary inhomogeneous distribution of electrons does
not introduce additional inhomogeneities in the radiation
field (in the elastic Thomson scattering limit). The dipole
seen in the electron rest frame contributes to the additional
inhomogeneities in the radiation field but it is small during
recombination. Our analysis justifies neglecting the second
order monopole, dipole, and quadrupole, as we did in
KWO09. In particular, we conclude, as in KWQ09, the con-
fusion with the primordial non-Gaussianity of local type
resulting from inhomogeneous recombination is | fy.| = 1
and thus not important for the Planck satellite mission [3]
which is predicted to achieve an accuracy of Afy; ~ 5
[30,31]. The S/N for the detection of this bispectrum by an
ideal full sky experiment using temperature data alone is
~1. However, perturbations in the electron number density
will also have an effect on CMB polarization. If this effect
is of a magnitude comparable or larger than the effect on
temperature, a post-Planck, high-resolution, all-sky mis-
sion measuring the CMB temperature and polarization
anisotropies may see the imprint of inhomogeneous recom-
bination in the CMB bispectrum at few sigma level.
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APPENDIX A: CONTRIBUTION FROM O
AND V2

We can write the formal solution for @@ (k, i, 7,),

0D (k, i, 79) = ] ™ dneitn= k750K A, 7).
0

(AD)

We will first include only the first term in Eq. (29) in the
source S?(k, i, n). The calculation for other terms is
similar.

The angular averaged bispectrum is defined as the sum
over the m’s of bispectrum times a Wigner 3jm symbol,
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PUCTI ( 6 6 4 ) gltt calculated from first order multipole moments ®'":
i, m, m, ms 1myny
&’k
-3 (4 &6 aye o) = [ 5 e**00 k mo)

my  mp mj Qm)3

mymany
&S, A
X (all), (x, no)all), (x, no)ai), (x, mo)) ap(x, o) = 4 P (=)0 (k, 1y)Y;,, (k).
+ 2 permutations, (A2)
Proceeding as in KW09, we get for the bispectrum from
where a(z) is the Fourier transform of @%2")1 and a(l) is the first term in Eq. (29):

Pk, Pky Pk,
Qm)? 2m) 2m)}

BYGE, = —(mPem) [ ang(n) [ (—)0FCr Y (k)Y (ea)P(ky) PUk) (472

x ["a '—kgc () sinlka(r,(m) = ry ()i ks (m = 10)1Y7,,, (ks Vi~ k38, (K1, )05 (ks ')

X 0 (kr, 10O (ks 10)8*ky + ke + k) + 5 permatations, (A9

We have ignored I1(V) in Ss 0 5 to simplify equations, including it at the end of the calculation is trivial. We now use the Dirac
delta distribution to integrate over kj:

d’ky &’k ) )
Bt =~ [ dme(m) [ S PO)PU)O , m0)O e, mo) )

[ dn/ —|k1 T Kaley (') sinlky + kal(ry(m) — £ () ie. [l + kal(n — 70)]

XY, R)YE, ()7, (k) + ky)Yi(—K2)8, (k1 105 (ky, 7') + 5 permutations. (A4)

To proceed further, we will need the following addition theorem for spherical waves [32]:

— €
2 (ky + KaDNY ik + ky) = Z 0T (— I)M\/47T(2L + D26+ D26, + 1D, (k1r)Z€2(k2")( N L)

€ mymy

¢ < L
% 1 2
my nmy -M

where z; is any of the spherical Bessel function and the
sum is over all allowed values of €, €5, m,, m,. The above
equation is valid for arbitrary values of k; and k, if 7, = jy,
the spherical Bessel function of first kind. If z, = y,, the
spherical Bessel function of second kind, then Eq. (A5) is
valid for k; < k, (and for k, < k; after interchanging k;
and k,).

We now use (AS) for the product j, Y € s . We also

write sin[|ky + K,|(r;(n) — ri(n)] =[1k; + k2|(”s("7) -

rs(m)))jollky + kal(rg(n) — r,(n)] and use Eq. (AS5)
again. We also use

)Y€]m| (I’(\I)Yf,zmz (kAZ);

0 0

(A5)

|k1 + k2|2 = k2 + kZ + —k kZZY kl)Ylm (kz)

(A6)

The angular integrals over k; and k, can now be done. The
right-hand side of Eq. (A6) consists of two terms: k7 + k3
has no angular dependence, while the rest of the right-hand
side depends on the angles RI and ﬁz. For simplicity we
will show the calculation for only k7 + k3 part. The calcu-
lation for the other part is similar, but since we have extra
factors of spherical harmonics, we will get extra Wigner

103518-11



RISHI KHATRI AND BENJAMIN D. WANDELT PHYSICAL REVIEW D 81, 103518 (2010)

3jm symbols on integration over angles summing over which will require few extra steps.
The result for k7 + k3 part is

_ (@m)’
(2m)°

5
9

[ dmgtny [ arié [ diak=i P PO G, 1000 s o) [ 5520+ K)o = ()

+1)2¢, + 1)(2¢5 + 1)
dar

(=D)HErmtT G026 + 1)(2€ + 1)

"pl pl /) !
S Lm" m miM

X e,(m)8 (K1, 105 ks, n’)\/(%l

X 20"+ DL + Dje[(n = mo)kiLje,[(n = no)kaljer[(ri(m) = ri(n"Nki Ljer[(ry(n) = ry(n')k,]

y O € G\ € €\[(2 €, L\[t ¢ L\[(t, € &\(¢ € ¢ 2 ¢ L
0 0 0J\O O O0J\O 0 O0/\O O O0)\m| mh my)\m" m) —m; J\O m) —M

><<€2 ¢ L )
. . (A7)

m, m'" —M

Summing over the m's, we get [32]

Z (—1)¢"+atm 6 6 6 T ¥ 2 ¢, L ¢, ¢ L
my mh mz J\m" mi —m J\O mh —MJ\my, m" -M

m" m\ mhM
_ Z (—1)L+€”+€/2+€3+€1+L/_””1_mz_m_?_M/(ZL/ + 1) €3 L/ €1 2 L/ €2 {€3 L/ €1 }{ 2 Ll €2}
M ms _Ml mp 0 M/ my €” €/1 612 €H L 6/2 ’
(AB)

where the matrices in the last line are the 65 symbols. All the m dependence of the bispectrum is in the above expression.
Therefore to calculate the angular averaged bispectrum, we need only consider the above expression for averaging over m,
m,, msz. The result of doing this averaging is

T (IO L M (1 1)< 6 6 4 )( G L' )(2 L 52)

— / !
L'M'mymyms, my my msj ms M mp 0O M my

6 L o2 L6
o g alle o al
e e eller Log

:Z(_1)L+e~+€;+el+62+L«_m3(2L/+1)( &G 4G 2){63 € 2}{53 L €1H2 L {32}

Lims —my my OJLL" & € JU€" & I L 6

6 € 206 L 612 L ¢
_ — DL OGO GEL 01 1 4 1) [(2€1 + 1)800 S { . H , H }: 0 A9
%( ) 2 ( ) ( 3 ) 20900 L/ €2 €1 6// €/1 €/2 €// L €/2 ( )

|
The calculation for the other term in (A6) is similar, and it in the final result due to Y in this term), which is easily

also results in the Kronecker delta symbol 6,5 = 0. shown by a calculation similar to above. The boundary
The second term in Eq. (29) involves cosine which can ~ k; = k, will also give zero contribution to the (ky, k,)

be written in terms of the spherical Bessel function of the  integral because the integrand is finite.

second kind, yo. We therefore need to break the integral Thus we have shown that the contribution from (98%) to

over (ky, ky) in two parts, k; > k; and ky <k, in order to  the angular averaged bispectrum vanishes. A similar cal-

apply the addition theorem. Both the terms will give azero 5400 for the V2 shows that the contribution from the

contribution to the angular averaged bispectrum (With 819 oy involving Sy, in Eq. (34) also gives zero contribution
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to the angular averaged bispectrum. In general, @2212,, ~

6e®f€1)Y om glves nonzero contribution to the angular aver-
aged bispectrum if and only if L = € and M = m because
of the orthogonality of spherical harmonics of different
orders.

s a3k
O,k 1) = 0 [ an'er s g [

1 2
+ = 02 (k, n')

1 Oz@<2>,,<k ORI 7)Y (@) |
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APPENDIX B: INTEGRAL EQUATION FOR
SECOND ORDER MONOPOLE

An alternative to solving the Boltzmann hierarchy for
the second order monopole is to solve an integral equation
[33,34]. The line of sight solution for second order
Boltzmann equation is

8N4 S (=) forlk = K, )Y g, ()Y, (K — k)

el/ "

(B

where f, represents a general first order term multiplying §,. We can integrate over direction f to get an integral equation

for the monopole

0 n. k) = e [" e[ am (L5

+ jolk(n' — 1O (k, 7) -

x Sk 1Yk |

\/—Jz[k(n - n)]Z®§2,,)1,,

K600 S jolk(n — mfertk — K, ) Yoo RV, (k)

€/In,ll!

)Y (K) + Ay [k(n' — )]

(B2)

We can now write down the contribution of @820) to the bispectrum

mlmzmg

By —[ dng(n)SZ"‘e"Z1§3'”3(n) + 2 permutations,

Pk, Pk, Py

Sty () = (4m)° ,[(277)3 Qn) Qn) (—i)€1+€2i€3YZml(lA(l)YZ‘ZmZ(lA(z)YZm}(ﬁ3)jg3[k3(n — mo)]

1
X <\/ZL_7; Opo(k3, 1Oy, (ky, 19)O, (ks 770))

4y Pk, Pky Py
= o

x [ [ K S uthtn' =m0 RV RN ) Oy —
Qn) Jerlks(n' — )Y, 3) L, K3 e ¢"\K3

(}// "

A+ iy n i A~ . AL . - n
2n) a2 )3( Dby (k)Y (K)Yp, (Ks)je,lks(n — mo)le (T’)[O dn'g(n’)

", m")0O¢ (ky, m9)

X 0, (ks 70)) + \/i—Jo[k%(”? — KO ks, 7). (k1. 10)Or, (ks 10)) + iy k(' — m)]

X anf/(ksxv@ (k3, 7)0¢, (kq, 179)Oy, (K, 7)) —

m/l

Here, we have used the integral equation for @E)%)
[Eq. (B2)] to get an equation for Sy'";"™. The last term
involving @22;”,, will give a small contribution (~ 10%)
because of the factor of 1/10 and can be neglected. For
vi?), we can use the approximate tight coupling solution,
the last term in Eq. (34), in which case it can be absorbed
into fr for € = 1. We can similarly absorb the last term
also if we choose not to neglect it. If we did not have a

X S V0 (k)02 (ks 70, (ky, 70)00, (s, 770))]-

Jz[k3(77 - )]

(B3)

factor of j, multiplying the second order monopole term in
last but third line, we would have an integral equation for

e, We can however make progress by using the
approximate solution for the second order monopole
Eq. (29). Then a calculation similar to Appendix A shows
that the contribution of this term to the reduced bispectrum
is exactly zero, so this term can be dropped. For the other

terms, we proceed as in KW09 and Appendix A. We break
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the four point correlation function of first order terms into
two point correlation functions using Wick’s theorem. We
can then perform all the angular integrals and two of the

|

PHYSICAL REVIEW D 81, 103518 (2010)

radial integrals using the properties of Dirac delta distri-
bution, spherical harmonics, and Wigner 3jm and 6/ sym-
bols. The result is

mymym €1 62
St et () = (

myp  mp

¢ \/(zel + 1)(26, + )26 + 1) (dm)*
my 417

- n
@) fdklk?_[dkzkﬁe (’7)_[0 dn'g(n’)

X Z f€"(kl’ n/)ae(kb n/)®€|(klr 770)®€2(k2: nO)P(kl)P(kZ)(_i)el+€2+€/,+€/2/i€/1+€/2+€/1’(2€/1 + ])

e ey eney

X (204 + 1)) + 1)(2¢) + 1)(2¢" + 1)(

Note that this solution is approximate but does not assume
tight coupling, despite the fact that we used the tight
coupling solutions Egs. (29), (33), and (34) as a trial
solution. Equation (B4) is the result of iterating the integral
equation once and will therefore contain corrections be-
yond the tight coupling approximation. In particular, this
solution takes into account all the terms in the full
Boltzmann hierarchy, Eqgs. (17)—(19). The dominant con-
tribution would come from around the last scattering sur-
face, that is when 7' — 7 ~0. In that case the
corresponding spherical Bessel functions would be close
to zero unless the order of the spherical Bessel function is
zero. Thus we would expect that most contribution comes
from terms with €] = ¢J = 0. The last Wigner 3jm symbol
then forces ¢ = 0. But fp—y, = 0 since the first order
monopole cancels out making S¢';";" vanish. This is the
result that we found for the approximate solution of the
second order Boltzmann equations also. For €/, €] # 0 we

&
0
X Je, [ki(n — Uo)]je;[kz(”’l - no)]jej/[kl(n/ - ﬂ)]jeg[kz(”?/ — m)] + permutation.

O G\ 6 GN(e 6 N ¢ ey
o o/\o o o/lo o o/lo 0o o

(B4)

also note that the arguments of the first two spherical
Bessel functions differ from the arguments of the last
two spherical Bessel functions by a factor of ~100. But
for the squeezed triangles we would expect either € or €,
to be small making €} ~ €J or €} ~ £ due to triangle
conditions in Wigner 3jm symbols. Thus we have a product
of the spherical Bessel functions of similar orders but with
arguments differing by a factor of hundred. This product
will be negligibly small, since if one of the spherical Bessel
function is near the peak the other would be negligibly
small or oscillating very fast giving a small residual after
integration. Thus the contribution from the second order
monopole can be safely neglected for the case of inhomo-
geneous recombination. This argument also applies to all
other terms in the second order Boltzmann equation which
are a product of monopole type term and higher order
multipoles.
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