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Primordial power spectrum
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Primordial power spectrum
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We know that...
» ACDM consistent with Planck 2018 and LSS data

But...

» We know that ACDM does not explain everything we observe (i.e: CMB low
multipole feature)

» Renewed interest in multi-field inflation recently

» How do we test deviations from ACDM and still try to be close to what the
data likes?

Rely on an Effective Field Theory
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Single field vs. effective single field
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EFT of inflation

» Framework: effective field theory of inflationary perturbations

S, — M]%/d4x &3 (5;723)2

Physical meaning: turns in field space

| 40)?
Cs = 1+ >
T .Me T
» Features from variable » Features from variable
slow-roll parameter sound speed
A. Durakovic, P Hunt, S. Patil, S. A. Achucarro, G. Palma, S. Patil, V. Atal,
Sarkar, D. Hazra, A. Starobinsky J. Torrado, B. Hy, J.O. Gong, P.

Ortiz...
V. Miranda et al...
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Reductions In the speed of sound

» Action

So = M]_:Z)/d4x a®ei(t) | R? —

Small, mild and transient

» The change in the primordial power spectrum (feature):

APr ! 1 |
Pr k/—oo o (1 C?(T)> oin (2k)
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Reductions in the sound speed

» Name:
u(t) =1 ! APr(k)/Pr(k) < FourierTranform (u)
cs(t)
Feature
» Constraints in this scenario:
u(t) < 1 small
Cs (t) . Goal
s(t) = <1 mild .
He,(t) with data

» Summary:

Slow-roll
condition | max(eq, €2) < max(|u|max, |$|max) <K 1
still apply
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Methodology: pipeline

P(0|d, M) o< L(d|0, M) II(0| M) To sample points of the posterior...

v D ;
Prior (1): O ’

where is the reduction?

' -
Reconstruction using :
Gaussian Prc;cesses (B(:,ﬁl;’f:ang Likelihood
=1 —
u(T) 20 E Solver, CE 3 (Planck 2018)
7| du(T) 5
5(7) = {2(1 —u(T))} dr § T
l APr(k)/Pr(k)
Prior (2): EFT conditions @ | FouerTranormiu(r)
max(€q, €2) << max(|u|max, |$|max) <K 1 Umax Smax
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Cobaya
by J. Torrado & A. Lewis
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Methodology: pipeline

P(0|d, M) o< L(d|0, M) II(0| M) To sample points of the posterior...
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; APr(k)/Pr(k)
X E « FourierTranform|u(7)]
Prior (2): EFT conditions O
max(€q, €2) << max(|u|max, |$|max) <K 1 Umax Smax
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Regression method:
Gaussian Processes

—|x1 — X2| )

Kernel | K(xy — X5) = exp (=X
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Regression method:
Gaussian Processes
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Reconstruction of cs
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u(7)

Reconstruction of cs
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u(7)
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Reconstruction of cs
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Reconstruction of u(7)
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Methodology: pipeline

P(0|d, M) o< L(d|0, M) II(0| M) To sample points of the posterior...

v D ;
Prior (1): O ’

where is the reduction?
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Comparison with the data
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Posterior distribution
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Reconstruction of speed of sound
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Reconstruction of speed of soun
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How do we increase the statistical
certainty?

» Use higher order correlation functions (i.e: bispectrum)

3 ks |2k
1k?i+ki+kir1

kikoka\ | APr
— | 4k? — k1ko — koka — kak
+4 k1 Kok -Zk( 1KR2 2R3 3R1 ok ) Pro

kiko + koks + ksk1 d APr n ki1koks d? APr I\’ }
2k dlog k 4k? dlog k?

ABr = + 2 perm+

(27T)4PR(2){ 2 klkg 1 ( k3) AP’R k3 d APR
2k

1 =
(kl k2k3)2 * P’Ro 4k2 d log k‘ P’RO
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How do we increase the statistical
certainty?

» Use higher order correlation functions (i.e: bispectrum)
» Use LSS data:

0 Take into account Non-Gaussianities into scale-dependent bias
0 Model Non-linearities

0 Advanced computational skills required
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Scale dependent bias

» This particular scenario predicts correlated features in the bispectrum (NGs)

(2m)4PR2 ¢ 2kiks [ 1 ks\ APR| ks d APR]
ABgp = — (14 2

R (k1k2k3)2{ 3 ks |2k 2%k ) Pro | 4k2 dlogk | Pry S PEStE
1k2+k2+ K211 [, klkgk;;) APr

| 4k% — kyko — koks — ksk
4 kikoks [2k( CEOTEE O 9k ) Pro!

ki1ko + koks + k3kq d APR) | ki1koks d? APr ]}

2k dlogk \|Pro |/  4k%2 dlogk? \| Pro

» They will have an impact in galaxy clustering bias: corrections given by

Ab(k) = _b 5. - @ log (F”gg))_ 2F. (k)
1T dlog(os) M., (k)

Giovanni Cabass. Enrico Pajer. Fabian Schmidt (2018)
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Scale dependent bias

» This particular scenario predicts correlated features in the bispectrum (NGs)

(27)4PR2 ( 2kiko [ 1 ks\ AP ks d APg]
ABg = — (1 2

R (k1k2k3)2{ 3 ks |2k 2%k ) [Pro | 4k2 dlogk [Pro | e
1k2+k2+k371 [, kikoks\ | APg

| 4k? — kyky — koks — ksk
4 kikoks [2k( e ok )Pno

ki1ko + koks + k3kq d APR) | ki1koks d? APr ]}

2k dlogk \|Pro /)  4k? dlogk? \| Pro

» They will have an impact in galaxy clustering bias:
 Big enough to be detected?

» Big enough to introduce a significant correction during the statistical analysis?

e Forecast needed
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Predictions for LSS

Reconstruction «(7) using 2 nodes
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Summary

» Study of primordial functions (speed of sound or slow-roll parameters as function of time)
provide more flexible templates of features:

- Combination of multiple reductions can take place
* Interesting substructures (no total dips)
» These feature templates have not been checked by Planck

» Ready: efficient and flexible pipeline for the analysis of features from small, mild and
transient reductions in sound speed in cosmological data.

» Increase statistical significance using PNGs and LSS

iGracias!
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Scale dependent bias
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Scale dependent bias
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Universe Timeline
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Methodology: pipeline

P(0|d, M) o< L(d|0, M) II(0| M) To sample points of the posterior...

v D ;
Prior (1): O ’

where is the reduction?

' -
Reconstruction using :
Gaussian Processes CAMB O Likelihood
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=1 : —p
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=
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loglﬂ("S' max)

Weakly informative prior

Prior (2): EFT condition

max(€q, €2) <K max(|U|max;, |$|max) <K 1
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» However, we have sorting prior: ‘7‘|z-+1 <
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Maxima a posteriori

1 dip (low 7)
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Maxima a posteriori

3 dips
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Maxima a posteriori

Substructure
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Bispectrum

» Multiple Field Inflation — non-gaussianities encoded In;

i 5 N2 -
Sy = /d4:ca3M1%eH2 —2Hsc *mi? — (1 — ¢ )7 (ﬂ (9i) )

2 2
C: a

\ 4

(R(k1)R(k2)R(ks)) = (2m)°6° (k1 + ko + k3) Br (k)

» For atransient and mild reduction of the speed of sound:

4 2 - 1
(271') P’Ro{ 2 klkz 1 (1 | kg) APR ]C3 d AP’R 19 perm-+

3 ks |2k 2k ) | Pro | 4k2 dlogk|Pry |
1 /C% k% k% [ 1 klkzkg, APR
4 klkgkg 2k 2k P’RO

kiko + koks + kskq d AP’R) | ki1koks d? APr ]}
2%k dlogk \|Pro )  4k%2 dlogk? \| Pro

(4k2 — k1ko — koks — kakq
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Folded (uK?3)
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Scale dependent bias

» The scale dependent bias will have a component based on the bispectrum

Giovanni Cabass, Enrico Pajer, Fabian Schmidt

arXiv:1804.07295

_ 01 753)_
Ab(z. k) = |5, + 2087+ |\T+
dlog (o) /

k) = gy | PRMG MGk

 402Py(ky)



https://arxiv.org/search/astro-ph?searchtype=author&query=Cabass%2C+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Pajer%2C+E
https://arxiv.org/search/astro-ph?searchtype=author&query=Schmidt%2C+F

Fundamental concepts

» Introducing Friedmann equations:

2 curvature
72 — 1 da . 1<1106nsity k | st Friedmann equation
Hubble parameter \ dt 3 CL2
scale faCtor
L da . ( + 3 ) Acceleration equation
— — P p
a dt? 6

pressure

» And the equation of state of a fluid:

dp
0
Radiation Matter

Guadalupe Canas-Herrera



Fundamental concepts

» For convenience, to talk about the history of the
universe we use conformal time

di cosmic time
: 0 -

scale factor

TR
ol e

light travels at 45 degrees
Q2 comoving coordinate

dt’
Az M / x (aH)™

comoving Hubble radius ~ a% (1 n Sw\)

always grows during radiation and matter domination !

Guadalupe Canas-Herrera 46



Big Bang main problems
Horizon Problem

Guadalupe Canas-Herrera




Big Bang main problems
Flathess Problem

» Manipulating Friedmann Equation + Q(a) = P
Pecrit
—k
1 —Qa) = W)

» This expression diverges in Radiation and Matter
domination epochs

» Q) =1 Iis an unstable fixed point (need to fine tune)

|Q(GJBBN) — 1‘ < 0(10_16)

Guadalupe Canas-Herrera



SOLUTION: Horizon Problem

(aH)™!

Q
C

CMB smooth patch

TASI Lectures on Inflation 2009 + modifications/Daniel Baumann + GCH

Guadalupe Canas-Herrera 149



SOLUTION: Flatness Problem

» If comoving horizon decreases,

1
(a])
Qa) ~ 1

Qa) — 1| = 5| — 0

» The flathess case becomes a solution!

Guadalupe Canas-Herrera



Physics of Inflation

» First condition: a decreasing comoving Hubble radius
» This is analogous to:

» Accelerated expansion = Negative pressure = Adiabatic
condition

a ! < 0 < >d2a>0< >0+ 3Ip < 0| +—— < !
—_— w —_—
dt \ oH 12 prop

3
£ H <1 First slow-roll parameter
1 - 72
€o 1= ¢ <1 Second slow-roll parameter
He

Guadalupe Canas-Herrera



From inflation to the CMB

V(¢) quantum fluctuations
0¢(t, x)

>
>
o(t)
clock
TASI Lectures on Inflation 2009/Daniel Baumann
vacuum fluctuations ... which translates into density
spread the inflaton vev ... fluctuations after inflation
op(x) -—>» Ot(x) —> dp(x) -—> T (x)
... which induces a local time ... which become the
delay for the end of inflation CMB anisotropies.

Ao/

Guadalupe Canas-Herrera 92


http://stonebrakerdesignworks.com/

Slow-roll canonical single-field inflation

1 1
S:/d4$\/—g éR zg“’/ﬁugb@ygb—

V(o)

Second slow-roll parameter

Guadalupe Canas-Herrera

0 Thereis only 1 degree of
freedom driving inflation

0 Dynamics defined in terms of

a potential

0 Background and perturbations

have same origin

Accelerated expansion



Standard cosmological model: ACDM

> Primordial fluctuations are Gaussian

compatible with a near scale-invariant primordial power spectrum

I ne—1
—[A] =
()

The simplest inflationary model (canonical slow-roll single field inflation)

agrees by construction with this type of spectrum

Guadalupe Canas-Herrera






Guadalupe Canas-Herrera

Single Field Inflation @

S = /d4a:\/—g BR+ %g‘“’@uqb O, —

V(o)
A Y0,

» From the energy-

= SuH + 59 momentum tensor

po = ZHEHV(®),

Py = %¢2 — V(o).
» Dynamics of the scalar
field

§5+3H$+V,¢=O

1 =3 (564 Vo)

- O » Slow-roll conditions

¢CcMB qiend reheating

Ag

TASI Lectures on Inflation 2009/Daniel Baumann




Quantum fluctuations

Cosmic microwave background

Inflation

Pre-inflation

APS/

Guadalupe Canas-Herrera
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About the importance of EFT conditions: PBHs

Primordial Black Holes from Sound Speed Resonance during Inflation

Yi-Fu Cai,’»?'* Xi Tong,»?3 T Dong-Gang Wang,*°'* and Sheng-Feng Yan! ?2:3

LCAS Key Laboratory for Researches in Galazies and Cosmology, Department of Astronomy,
Unwversity of Science and Technology of China, Hefei, Anhui 230026, China
28chool of Astronomy and Space Science, University of Science and Technology of China, Hefei, Anhui 230026, China
3 Department of Physics, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China
4 Lorentz Institute for Theoretical Physics, Leiden University, 2333 CA Leiden, The Netherlands
° Leiden Observatory, Leiden University, 2300 RA Leiden, The Netherlands

We report on a novel phenomenon of the resonance effect of primordial density perturbations
arisen from a sound speed parameter with an oscillatory behavior, which can generically lead to
the formation of primordial black holes in the early Universe. For a general inflaton field, it can
seed primordial density fluctuations and their propagation is governed by a parameter of sound
speed square. Once if this parameter achieves an oscillatory feature for a while during inflation, a
significant non-perturbative resonance effect on the inflaton field fluctuations takes place around a
critical length scale, which results in significant peaks in the primordial power spectrum. By virtue
of this robust mechanism, primordial black holes with specific mass function can be produced with
a sufficient abundance for dark matter in sizable parameter ranges.

PACS numbers: 98.80.Cq, 11.25.Tq, 74.20.-z, 04.50.Gh




About the importance of EFT conditions: PBHs
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About the importance of EFT conditions: PBHs

S = /d4xa3€H2

T=—HR

..... T T— GSR ,/

”
”
. 7
| e Integration 7
-==- AP/Py x k*
—.— Cai et al. (2018)
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Quantum fluctuations

» Single field inflation action:

1

1 .
S = /d4$\/ —(g §R + §g,ul/au¢ 81/¢ — V(¢) = SEH + S(b

» Perturbations of the homogeneous background

5¢ — () 597;3' (t, X) — CL2 [(1 — 2R(t, X))éij -+ hz’j (t, X)] &Lhw — ()

» Action for the comoving curvature perturbation

1 A 3$2 _ - 2 | (8272)2_
S2:§/d$&ﬁ—7z | a2

Universiteit Leiden — Instituut-Lorentz



How to characterise perturbations?

» Correlation function:

(R(k1)R(ks)) = (27)°6° (k1 + ko) Pr (k)

» Primordial power spectrum:
k,S

T on2

Pr (k)

Pr (k)

» Relation with slow-roll parameters

1 H?
ST €

Universiteit Leiden — Instituut-Lorentz



» EFT of inflationary perturbations

- 2 )2 . 2 SN2\
S:/d4wa3€H2 7=, (0im) 2Hsc *mi® — (1 — ¢, )7 (W (Oi) )

I
c2 a? c2 a?

S

» Speed of sound in associated a turn in the field trajectory

c, “ =1
kz/az -+ Meff

» From where is coming the EFT action?

M2 F? —4Q %]—'R ,

(VF)*

a2

Sy = 1/d‘lxa?’ ﬁ?'z"‘ % (VR)? + F?
2 H? a’H?

» The Goldstone boson and the comoving curvature perturbation:

T=——

H




? Conventional Big Bang Theory
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