
Lecture IV: Primordial fluctuations

Julien Lesgourgues

EPFL & CERN

Geneva, 02.04.2014

Julien Lesgourgues Lecture V: primodial



Adiabatic initial conditions

One way to generate perturbations = deform a homogeneous universe with a
time-shifting function:

then ρi(τ, ~x) = ρ̄i(τ + δτ(~x)) = ρ̄i(τ) + ρ̄i(τ)′δτ(~x)

implies δρi(τ, ~x) = −3a
′

a
(1 + wi)ρ̄i(τ)δτ(~x)

so ⇒ ∀(i, j) , δi
1+wi

=
δj

1+wj

moreover ⇒ δptot = c2sδρtot

hence called adiabatic initial conditions
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Adiabatic initial conditions

adiabatic perturbations are physically motivated because they correspond to
perturbations generated by single degree of freedom (e.g. single inflaton)

even when more than one perturbed d.o.f. in early universe, thermal equilibrium
generally forces the system to adiabatic initial conditions.

ways out: inflaton decaying into ever-decoupled species; inflation + topological
defects; leptonic asymmetry with perturbed neutrino chemical potential...

to get relation with metric perturbations and time evolution, need Einstein
equations. Assuming

∀(i, j) ,
δi

1 + wi
=

δj

1 + wj

one gets that for the non-decaying mode the comoving curvature perturbation
R = Ψ− 1

3
δρtot

ρ̄tot+p̄tot
is conserved on super-Hubble scale. Used to define the

primordial spectrum,

PR(k) =
k3

2π2

〈∣∣∣R(τini, ~k)
∣∣∣2〉
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Isocurvature initial conditions

whenever perturbations are non-adiabatic, they can be expressed in some basis.

particular basis is that of isocurvature modes, where entropy perturbations(
δi

1+wi
− δj

1+wj

)
are arranged in such a way that R −→ 0 when k/(aH) −→ 0.

CDM isocurvature (cdi), baryon isocurvature (bi), neutrino density
isocurvature (nid), neutrino velocity isocurvature (niv).

in each of these, it is still true that all quantities relate to single variable
S(τini, ~k).

transfer functions normalised to S = 1 and primordial spectrum is

PS(k) =
k3

2π2

〈∣∣∣S(τini, ~k)
∣∣∣2〉

might have correlations:

Pcross(k) =
k3

2π2

〈
R(τini, ~k)∗S(τini, ~k)

〉
then

CTTl = 4π

∫
dk

k

{(
ΘRl (τ0, k)

)2
PR(k) +

(
ΘSl (τ0, k)

)2
PS(k)

+ ΘRl (τ0, k)ΘSl (τ0, k)Pcross(k)
}
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The module primordial.c

External functions:

primordial_spectrum_at_k() returns the primordial spectrum at a given
wavenumber, interpolated in the table ppm->lnpk.

primordial_init() computes the spectrum and fills ppm->lnpk.

primordial_free()

Depending on the input, the module may need to return some of the following
spectra:

scalar adiabatic,

one or several scalar isocurvature, one or several scalar cross-spectra,

tensor.
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The module primordial.c

Depends on input parameters:

modes = s, t

and if scalar modes are selected,

ic = ad (bi, cdi, nid, niv)

What the module really does depends on the input parameter:

P_k_ini type = analytic_Pk , two scales , inflation_V or external_Pk
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The case analytic Pk

The case analytic_Pk assumes that each of them is of the form

P(k) = A exp
(
(n− 1) log(k/kpivot) + α log(k/kpivot)

2
)

The format for input parameters is (see the details, units, default values, etc. in
explanatory.ini):

k_pivot = 0.05

/* exemple of scalar adiabatic parameters */

A_s = 2.3e-9

n_s = 1.

alpha_s = 0.

/* exemple of tensor parameters */

r = 1.

n_t = scc

alpha_t = scc

/* exemple of isocurvature mode parameters */

f_nid =1.

n_nid =2.

alpha_nid= 0.01

c_ad_nid = -0.5

n_ad_nid = -0.2

alpha_ad_nid = 0.002
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The case two scales

The case two_scales assumes that each spectrum is a power-law defined by an
amplitude at two different scales k1, k2.

The format for input parameters is (see the details, units, default values, etc. in
explanatory.ini):

k1 =0.002

k2=0.1

/* scalar amplitudes */

P_{RR}^1 = 2.3e-9

P_{RR}^2 = 2.3e-9

/* isocurvature amplitudes

*/

P_{II}^1 = 1.e-11

P_{II}^2 = 1.e-11

P_{RI}^1 = -1.e-13

|P_{RI}^2| = 1.e-13

That was used in the Planck papers for
getting isocurvature constraints.
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The case inflation V

The code simulates inflation and integrates the evolution of scalar/tensor
perturbations around horizon crossing.

The format for input parameters is (see
the details, units, default values, etc. in
explanatory.ini):

potential = polynomial

V_0 =1.e-13

V_1=-1.e-14

V_2 =7.e-14

V_3=

V_4=

Used in Planck paper to reconstruct
observable inflaton potential V (φ−φ∗).

User can easily define new classes of potentials within the function
int primordial_inflation_potential().
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The case external Pk

2.d) for type ’external_Pk’(see external documentation external_Pk/

README.md for more details):

2.d.1)Command generating the table. If the table is already generated,

just write "cat <table_file>". The table should have two columns (k, pk)

if tensors are not requested, or three columns (k, pks, pkt)if they are.

command = python external_Pk/generate_Pk_example.py

command = python external_Pk/generate_Pk_example_w_tensors.py

command = cat external_Pk/Pk_example.dat

command = cat external_Pk/Pk_example_w_tensors.dat

2.d.2)If the table is not pregenerated, parameters to be passed to the

command, in the right order, starting from "custom1"and up to "custom10"

. They must be real numbers.

custom1 = 0.05 #In the example command: k_pivot

custom2 = 2.215e-9 #In the example command: A_s

custom3 = 0.9624 #In the example command: n_s

custom4 = 2e-10 #In the example (with tensors)command: A_t

custom5 = -0.1 #In the example (with tensors)command: n_t
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