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Summary of Lecture 2

power spectrum  of  at          primordial curvature spectrumPA(η, k) A η

transfer function of A

Adiabatic initial conditions  
 for any perturbation at any time: 

 

                               

⇒

⟨A(η, ⃗k) A*(η, ⃗k′ )⟩ = A(η, k) A*(η, k′ ) ⟨ℛ(ηi, ⃗k) ℛ*(ηi, ⃗k′ )⟩

= |A(η, k) |2 Pℛ(k) δD( ⃗k − ⃗k′ )

∀A, A(η, ⃗k) = A(η, k) ℛ(ηi, ⃗k)
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during inflation, in the so-called slow-roll regime. The simplest inflationary models
predict a slight dependency of PR on k, described in excellent approximation by a
power law:

PR(k) = As

(
k

k∗

)ns−1

[2.78]

where the amplitude As ∼ O(10−10) gives the variance of primordial curvature
perturbations, ns " 1 is the scalar spectral index and k∗ ∼ O(10−2)Mpc−1 is an
arbitrarily scale of reference called the pivot scale.

2.5.2.4. Transfer functions
The different power spectra PA are related to the primordial spectrum by the

functions α̃A(η,k) appearing in equation [2.69]. These functions, which are simply
the solutions to the equations of motion for adiabatic initial conditions normalized to
R(ηini,#k) = 1, are called transfer functions.

By convention, instead of introducing a new notation like α̃A for each transfer
function, we use the same letter as for the perturbation itself, but with, as argument,
the wave number k instead of the wave vector #k:

A(η,k) ≡ A(η,#k)

R(ηini,#k)
[2.79]

Consequently, any function of #k denotes a stochastic variable for each Fourier
mode, while any function of k denotes a deterministic solution of the equations of
motion for each comoving wavelength.

In conclusion, section 2.5.2 can be summarized as follows: within the framework
of linear cosmological perturbation theory, any problem breaks down into two parts,
the calculation of the primordial spectrum and transfer functions. The final observables
can then be derived from the power spectrum PA of several perturbations A, given by
PA(k,η) = |A(η,k)|2PR(k).

2.5.3. Spectrum of temperature anisotropies

2.5.3.1. Multipoles alm

In order to construct a quantity that can be both predicted theoretically and
observed experimentally, we expand the map of CMB temperature anisotropies,
introduced in equation [2.41], into spherical harmonics:

δT

T̄
(n̂) = Θ(η0,#o,− n̂) =

∑

lm

almYlm(n̂) [2.80]

γ

γ γ

γ
̂n

CMB spectrum       Cl = ⟨alma*lm⟩ = 2
π ∫ dk k2Θ2

l (η0, k) Pℛ(k)
photon   primordial 
transfer   spectrum 
function
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Line-of-sight integral in Fourier space: Zaldarriaga & Harari astro-ph/9504085:

132 The Young Universe

space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

( → )

J. Lesgourgues  
Institut für Theoretische Teilchenphysik und Kosmologie (TTK), RWTH Aachen University 

structure: ∫ dη f(η) A(η, ⃗k) jℓ(k(η0 − η))

“Physical effects relevant at times described by  

imprint CMB photon anisotropies described in Fourier space by ,  
that project to multipole space according to ” 

f(η)
A(η, ⃗k)

jℓ(k(η0 − η))
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

Neglecting reionization:  very peaked at  

 effect takes place only on last scattering sphere 

 mode  project to  

 = intrinsic fluctuation + gravitational Doppler shift

g(η) ηdec

⇒
⇒ k ℓ = k(η0 − ηdec)

Θ0(ηdec, ⃗k) + ψ(ηdec, ⃗k)

ψ hot photons get redshifted by potential well

super-Hubble modes with 
adiabatic IC:  , 
Sachs-Wolfe effect wins, 
negative picture of last 

scattering sphere !

ψ = − 2Θ0

cold photons get blueshifted
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

Neglecting reionization:  very peaked at  

 effect takes place only on last scattering sphere 

 mode  project to  

 = velocity Doppler shift                (  from a gradient)

g(η) ηdec

⇒
⇒ k ℓ = k(η0 − ηdec)

̂n ⋅ ⃗vscalar
b → k−1θb j′ ℓ

⃗vb

photons get e.g. redshifted by emission velocity

photons get e.g. blueshifted by emission velocity
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

ϕ, ψ
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

…

Neglecting reionization:  negligible before , after 

 effect takes place at all times  along each line of sight 

 mode  projects from each sphere to  

 comes from dilation + gravitational Doppler effects

e−τ ηdec ≃ 1
⇒ η > ηdec

⇒ k ℓ = k(η0 − η)
∂η{ϕ(η, ⃗k) + ψ(η, ⃗k)}

photons get continuously red/blue-shifted by metric fluctuations

•  static: no dilation, gravitational Doppler effect is conservative: only   

•  time-dependent: net effect (e.g. net redshift when crosses deepening potential wells)

ϕ, ψ (ψdec − ψobs)
ϕ, ψ
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Final goal: compute      

with transfer functions

Cℓ = ⟨alma*lm⟩ = 2
π ∫ dk k2Θ2

ℓ(η0, k) Pℛ(k)

J. Lesgourgues  
Institut für Theoretische Teilchenphysik und Kosmologie (TTK), RWTH Aachen University 
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode !k
of a current multipole Θl(η0,!k) as an integral over time of the same mode !k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

Θl(η0,k) =

ˆ η0

ηini

dη ST (η,k) jl(k(η0 − η)) [2.90]

ST (η,k) ≡ g (Θ0 + ψ)︸ ︷︷ ︸
SW

+
(
g k−2θb

)′
︸ ︷︷ ︸

Doppler

+ e−τ (φ′ + ψ′)︸ ︷︷ ︸
ISW

[2.91]

where jl(x) is the spherical Bessel function and ST (η,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identified. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated Sachs–Wolfe (ISW) effect. This similarity
is such that equation [2.90] is also called – somewhat abusively – the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility function g(η) and its derivatives are
zero today and negligible at ηini. Consequently, their integration by part does not
generate edge terms. For example, we also have:

Θl(η0,k) =

ˆ η0

ηini

dη {g (Θ0 + ψ) jl(k(η0 − η))

+ g k−1θb j′l(k(η0 − η))

+ e−τ (φ′ + ψ′) jl(k(η0 − η))
}

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
Θl(η0,k) up to an arbitrarily large l, we only need to know the evolution of the
four transfer functions Θ0(η,k), θb(η,k), φ(η,k) and ψ(η,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up to l =
lmax, but only up to l = 2 (because the Einstein equation, necessary to obtain φ
and ψ, involves temperature multipoles up to l = 2). For this, a truncation around
ltrunc. ∼ O(10) is sufficient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efficiency,
it gives a much better analytical intuition of the shape of the final result and of the
dependency of the spectrum on cosmological parameters.

Detailed physical 
understanding 

of the ClTT shape

behaviour of
 

 

Θ0(ηdec, k)
θb(ηdec, k)

ψ(η ≥ ηdec, k) ≃ ϕ
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tightly-coupled baryon-photon fluid: 

 photon Boltzmann hierarchy + baryon fluid equations —> single TCA equation: 

                        baryon                pressure              gravity        local baryon      dilation 
                      damping                  force                  force            damping 

Squared sound speed / baryon-to-photon ratio:  

⇒
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Tight-Coupling Approximation (TCA)
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Fourier modes of photon and baryon density fluctuations, δb(η,#k) = 3
4δγ(η,#k): these

are called acoustic oscillations.

In our case, one can combine the continuity and Euler equations for photons [2.38],
[2.39] and baryons [2.23], [2.25] in the tight-coupling limit [2.96]. After a few lines
of computation, we obtain a second-order linear inhomogeneous differential equation
for the temperature fluctuation ! 0:

! !!
0 +

R

1 +R

a!

a
! !

0 + k2c2s ! 0 = !
k2

3
ψ +

R

1 +R

a!

a
φ! + φ!! [2.100]

This is the equation of a forced oscillator. On the left-hand side, the last term
contains (up to a factor ! ρ̄γ) the product ! k2c2sδργ = ! k2δpγ , which is the Fourier
transform of the Laplacian of pressure: it represents the pressure force, which resists
compression and thus allows for the propagation of sound waves. The second term is
related to gravity in an expanding universe. In general, an inhomogeneous
non-relativistic fluid is subject to gravitational collapse, but the expansion slows
down this collapse. In equation [2.100], this is represented by a Hubble friction term
proportional to a!/a. This friction is important only when the contribution of
non-relativistic baryons to the density of the photon–electron–baryon fluid is large: it
is therefore multiplied by R/(1 +R).

The right-hand side represents the source term of the oscillator. It shows how
fluctuations in the metric can generate density fluctuations in the
photon–electron–baryon fluid or amplify existing fluctuations. The term ! k2ψ
comes from the Laplacian of the gravitational potential in real space: it represents the
gravitational force, which stimulates gravitational collapse. The other terms on the
right-hand side account for the dilation effect (see section 2.4.1.1). This effect can
redshift or blueshift photons due to variations in the local expansion rate, and amplify
or attenuate photon overdensities.

As long as the dilation effect is neglected, one can find an approximate solution
for the effective temperature ! 0 + ψ within the Hubble radius, using the WKB
approximation scheme for second-order differential equations:

! 0 + ψ =
1

3
(1 +R)" 1/ 4 cos

!
k

ö η

0
cs(η̃) dη̃

"
! Rψ [2.101]

As expected, this is an oscillating solution. The phase of the oscillation depends
on the ratio between the wavelength and the sound horizon, since the argument of the
cosine is equal to 2πds(η)/λ(η), where we used the expression of the sound horizon
[2.99] and λ = a 2π

k . Since ds(η) increases faster than λ(η), the phase increases
with time. Thus, the modes start to oscillate when they cross the sound horizon. The
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                        baryon                pressure              gravity        local baryon      dilation 
                      damping                  force                  force            damping 

Squared sound speed / baryon-to-photon ratio:  

Equilibrium point neglecting metric time derivatives: 

WKB TCA solution  “   “   “   :  

Very good approximation up to gravity boost + (Silk) damping/diffusion effects

Tight-coupling equation
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Fourier modes of photon and baryon density fluctuations, δb(η,#k) = 3
4δγ(η,#k): these

are called acoustic oscillations.

In our case, one can combine the continuity and Euler equations for photons [2.38],
[2.39] and baryons [2.23], [2.25] in the tight-coupling limit [2.96]. After a few lines
of computation, we obtain a second-order linear inhomogeneous differential equation
for the temperature fluctuation ! 0:
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This is the equation of a forced oscillator. On the left-hand side, the last term
contains (up to a factor ! ρ̄γ) the product ! k2c2sδργ = ! k2δpγ , which is the Fourier
transform of the Laplacian of pressure: it represents the pressure force, which resists
compression and thus allows for the propagation of sound waves. The second term is
related to gravity in an expanding universe. In general, an inhomogeneous
non-relativistic fluid is subject to gravitational collapse, but the expansion slows
down this collapse. In equation [2.100], this is represented by a Hubble friction term
proportional to a!/a. This friction is important only when the contribution of
non-relativistic baryons to the density of the photon–electron–baryon fluid is large: it
is therefore multiplied by R/(1 +R).

The right-hand side represents the source term of the oscillator. It shows how
fluctuations in the metric can generate density fluctuations in the
photon–electron–baryon fluid or amplify existing fluctuations. The term ! k2ψ
comes from the Laplacian of the gravitational potential in real space: it represents the
gravitational force, which stimulates gravitational collapse. The other terms on the
right-hand side account for the dilation effect (see section 2.4.1.1). This effect can
redshift or blueshift photons due to variations in the local expansion rate, and amplify
or attenuate photon overdensities.

As long as the dilation effect is neglected, one can find an approximate solution
for the effective temperature ! 0 + ψ within the Hubble radius, using the WKB
approximation scheme for second-order differential equations:
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As expected, this is an oscillating solution. The phase of the oscillation depends
on the ratio between the wavelength and the sound horizon, since the argument of the
cosine is equal to 2πds(η)/λ(η), where we used the expression of the sound horizon
[2.99] and λ = a 2π

k . Since ds(η) increases faster than λ(η), the phase increases
with time. Thus, the modes start to oscillate when they cross the sound horizon. The
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Evolution for one mode with given k

Metric damped near Hubble crossing during RD 
  

—> photon pressure, Poisson: 
—> very different from MD: 
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Evolution for one mode

neutrino shear 
(unimportant)

η

η
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Evolution for one mode

photon 
equilibrium 

= -2/3

photon IC 
 = -1/3
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Evolution for one mode

photon 
equilibrium 

= -2/3

photon IC 
 = -1/3

! l (! 0, k) =
! ! 0

! ini

d! { g (! 0 + " ) +
"
g k! 2#b

#"
+ ISW } j l (k(! 0 ! ! ))

! l (! 0, k) = { (! 0 + " )rec + ( ...#"
b)rec + ( ...#b + ISW) rec} j l (k(! 0 ! ! rec))

Cl " (...)
$

(! 0 + " )2
( ! rec ,k = l/ ( ! 0 ! ! rec )) + Doppler + ISW

%2
PR (k)

# =
$
l

=
%/ 2

da(zdec)
=

$/k
! 0 ! ! rec

=# l = k(! 0 ! ! rec)

{ &b, &m , " ! , ! reio , As, ns}

CXY
l = 4$

!
dk k2# X

l (k)# Y
l (k)PR (k) PR (k) = As(k#)

&
k
k#

' n s ! 1

#s =
ds(zrec)
da(zrec)

=

( z!

zrec

dz cs (z)
H (z)( zrec

0
dz

H (z)

&
H (z)
H0

' 2

= " r (1 + z)4 + " m (1 + z)3 + " !

&
H (z)h

H0

' 2

= &r (1 + z)4 + &m

)
(1 + z)3 +

" !

1 ! " !

*

#d =
da(zrec)
da(zrec)

=

+( z!

zrec

dz f ( " " ,R )
H (z)

, 1/ 2

( zrec

0
dz

H (z)

Rrec $
4ø' b

3ø' #

-
-
-
-
rec

=
4&b

3&# (1 + zrec)

1 + zrec = &m / &r

1 + z! =
&

" !

1 ! " !

' ! 1/ 3

2

! l (! 0, k) =
! ! 0

! ini

d! { g (! 0 + " ) +
"
g k! 2#b

#"
+ ISW } j l (k(! 0 ! ! ))

! l (! 0, k) = { (! 0 + " )rec + ( ...#"
b)rec + ( ...#b + ISW) rec} j l (k(! 0 ! ! rec))

Cl " (...)
$

(! 0 + " )2
( ! rec ,k = l/ ( ! 0 ! ! rec )) + Doppler + ISW

%2
PR (k)

# =
$
l

=
%/ 2

da(zdec)
=

$/k
! 0 ! ! rec

=# l = k(! 0 ! ! rec)

{ &b, &m , " ! , ! reio , As, ns}

CXY
l = 4$

!
dk k2# X

l (k)# Y
l (k)PR (k) PR (k) = As(k#)

&
k
k#

' n s ! 1

#s =
ds(zrec)
da(zrec)

=

( z!

zrec

dz cs (z)
H (z)( zrec

0
dz

H (z)

&
H (z)
H0

' 2

= " r (1 + z)4 + " m (1 + z)3 + " !

&
H (z)h

H0

' 2

= &r (1 + z)4 + &m

)
(1 + z)3 +

" !

1 ! " !

*

#d =
da(zrec)
da(zrec)

=

+( z!

zrec

dz f ( " " ,R )
H (z)

, 1/ 2

( zrec

0
dz

H (z)

Rrec $
4ø' b

3ø' #

-
-
-
-
rec

=
4&b

3&# (1 + zrec)

1 + zrec = &m / &r

1 + z! =
&

" !

1 ! " !

' ! 1/ 3

2

η

η



CMB physics - J. Lesgourgues53

Evolution for one mode
η

η
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Evolution for one mode

Gravity boost effect from  

Will be important for effect of neutrinos, DR…
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Evolution for one mode

symmetric and stationary oscillation 
(deep sub-Hubble, deep DR)
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Evolution for one mode

exponentially damped oscillations 
(approaching recombination)
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Evolution for one mode

Final goal: 
(MZ’s line-of-sight  

integral)

η

η

132 The Young Universe

space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode!k
of a current multipole! l (" 0,!k) as an integral over time of the same mode!k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

! l (" 0,k) =
ö ! 0

! ini

d" ST (" ,k) j l (k(" 0 ! " )) [2.90]

ST (" ,k) " g (! 0 + # )
! "# $

SW

+
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+ e! " (%" + # ")
! "# $

ISW

[2.91]

wherej l (x) is the spherical Bessel function andST (" ,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identiÞed. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated SachsÐWolfe (ISW) effect. This similarity
is such that equation [2.90] is also called Ð somewhat abusively Ð the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility functiong(" ) and its derivatives are
zero today and negligible at" ini . Consequently, their integration by part does not
generate edge terms. For example, we also have:

! l (" 0,k) =
ö ! 0

! ini

d" { g (! 0 + # ) j l (k(" 0 ! " ))

+ g k! 1$b j "
l (k(" 0 ! " ))

+ e! " (%" + # ") j l (k(" 0 ! " ))
'

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efÞciency,
it gives a much better analytical intuition of the shape of the Þnal result and of the
dependency of the spectrum on cosmological parameters.
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode!k
of a current multipole! l (" 0,!k) as an integral over time of the same mode!k of other
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source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identiÞed. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated SachsÐWolfe (ISW) effect. This similarity
is such that equation [2.90] is also called Ð somewhat abusively Ð the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility functiong(" ) and its derivatives are
zero today and negligible at" ini . Consequently, their integration by part does not
generate edge terms. For example, we also have:

! l (" 0,k) =
ö ! 0

! ini

d" { g (! 0 + # ) j l (k(" 0 ! " ))

+ g k! 1$b j "
l (k(" 0 ! " ))

+ e! " (%" + # ") j l (k(" 0 ! " ))
'

[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode!k
of a current multipole! l (" 0,!k) as an integral over time of the same mode!k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:
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wherej l (x) is the spherical Bessel function andST (" ,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identiÞed. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated SachsÐWolfe (ISW) effect. This similarity
is such that equation [2.90] is also called Ð somewhat abusively Ð the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility functiong(" ) and its derivatives are
zero today and negligible at" ini . Consequently, their integration by part does not
generate edge terms. For example, we also have:
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Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efÞciency,
it gives a much better analytical intuition of the shape of the Þnal result and of the
dependency of the spectrum on cosmological parameters.
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Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efÞciency,
it gives a much better analytical intuition of the shape of the Þnal result and of the
dependency of the spectrum on cosmological parameters.
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Evolution for all wavenumbers

 gravity boost⇒
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Evolution for all wavenumbers
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space [2.33]. It is no longer a true line-of-sight integral, since the quantities are now
expressed in Fourier space. Rather, it uses the possibility to write the Fourier mode!k
of a current multipole! l (" 0,!k) as an integral over time of the same mode!k of other
perturbations, evaluated between photon decoupling and today. By writing the formal
solution of equation [2.33] in integral form and performing Legendre transformations,
we obtain the following expression for the photon transfer function:

! l (" 0,k) =
ö ! 0

! ini
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wherej l (x) is the spherical Bessel function andST (" ,k) is called the temperature
source function. The formal similarity between this result and the true line-of-sight
integral [2.48] is obvious. Three contributions are again identiÞed. They play the
same role as in section 2.4.2: the intrinsic anisotropy corrected by the SW effect,
the Doppler contribution and the integrated SachsÐWolfe (ISW) effect. This similarity
is such that equation [2.90] is also called Ð somewhat abusively Ð the line-of-sight
integral in Fourier space. This integral can be expressed in other forms by integrations
by parts. All terms that depend on the visibility functiong(" ) and its derivatives are
zero today and negligible at" ini . Consequently, their integration by part does not
generate edge terms. For example, we also have:

! l (" 0,k) =
ö ! 0

! ini

d" { g (! 0 + # ) j l (k(" 0 ! " ))

+ g k! 1$b j "
l (k(" 0 ! " ))
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[2.92]

Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efÞciency,
it gives a much better analytical intuition of the shape of the Þnal result and of the
dependency of the spectrum on cosmological parameters.
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Because of equation [2.90], we see that in order to compute the transfer functions
! l (" 0,k) up to an arbitrarily largel, we only need to know the evolution of the
four transfer functions! 0(" ,k), $b(" ,k), %(" ,k) and#(" ,k). Thus, we do not need
a precise solution of the Boltzmann hierarchy of differential equations up tol =
lmax , but only up tol = 2 (because the Einstein equation, necessary to obtain%
and# , involves temperature multipoles up tol = 2 ). For this, a truncation around
ltrunc . # O(10) is sufÞcient. The number of equations is thus considerably reduced
compared to the brute force method. This better approach is used by all codes since
CMBFAST (Seljak and Zaldarriaga 1996), such as CAMB (Lewis et al. 2000) or
CLASS (Blas et al. 2011; Lesgourgues 2011). In addition to its numerical efÞciency,
it gives a much better analytical intuition of the shape of the Þnal result and of the
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Evolution for all wavenumbers

CMB patterns mainly come from here
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Evolution for all wavenumbers

CMB patterns mainly come from here

45o symmetry comes from
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Evolution for all wavenumbers

CMB patterns mainly come from here

45o symmetry comes from

fixed time will look like previous fixed k
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Transfer functions at recombination/decoupling
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2from transfer 
to  :Cℓ

looks like 
smoothed version?
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