-

: |
SN TR

'm":[.'.'ﬂ T // /PF’ s

MATTEO BRAGLIA, THURSDAY JULY 14 2022

lIT Gravitation and Cosmology Seminar

' f{ Instituto de

UAM-CSIC




PRIMORDIAL FEATURES: WHAT THEY
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PRIMORDIAL FEATURES: WHAT THEY
ARE AND HOW TOTEST THEM

Primordial features are
scale-dependent deviations
from near-scale invariant
primordial spectrum from
inflation.

Observationally, they

improve the fit to CMB data.

Theoretically, they encode

invaluable information about

Early Universe Physics.

HINTS OF FEATURES IN GMB DATA FROM PLANGK

Using a recently developed

model as an example, |

illustrate the challenges for

data comparison and the

immense reward in case of a

detection of primordial
features.
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PROSPEGTS FOR TESTING
FEATURES WITH FUTURE
OMB EXPERIMENTS

Future experiments
will map the E-modes
of the CMB with a
much better accuracy
than Planck at all
scales.

This will greatly
enhance (or reduce)
the statistical
significance of
primordial features.




INFLATION & PRIMORDIAL FEATURES



NOTATIONS

FLRW Metric ds? = — dt* + a*(H)dx?* = — a*(7)[dr? — dx?]
Scale factor a(?)
o
Comoving distance x N\
Physical distance a(?)x ¥ |

Hubble parameter H = d In a/dt [/
’
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SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE
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@ = (1) to preserve homogeneity

1 | ¢?
H* = 3 l% + V(¢)]

¢ +3Hp +dVidp =0



SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

Action of a scalar field Conditions for inflatio
0
Jd /72 <¢> V(@] i) > l‘

¢ = ¢(t) to preserve homogeneity H |

S
¢2
H =—|—+V
> |5 (@)

¢ +3Hp +dVidp =0
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SLOW-ROLL INFLATION AND NEAR SGALE-INVARIANGE
_E <1 \/w )

H2 EINSTEIN
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SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

H
2 < EINSTEIV ‘/M)
) £ QUATIONS
¢2
= — <K< 1 |
) 2H? KLEW - GORON | >
V2 cant
€ = 2_V2<<1 n=élHe < 1 ¢ SW b



SLOW-ROLL INFLATION AND NEAR SCALE-NVARIANCE
0

Slow-roll conditions

qu
c =—<k1 .
> ,,\

n=¢/He < 1



SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

Quantum fluctuations 0@ (x, ?) \/M)




SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

Quantum fluctuations 0@ (x, 1) \/M)
5pe1) = Y | bsd (o) + B0 M
k e
Primordial power spectrum ' \

P(k) = (H)Z@ (k) (H)2\5¢ 2 .
— — 5 — — ke :
? ? %5 2 b



SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

Slow-roll conditions Predictions \/
e = $*12MH” < 1 A, = H?/87%eM, M )
n=é/He < 1 ng—1=—2e—n

P(k) = Hzg’ k=A AN P
()— E 5gb(): S(k_*) \

Slow-roll inflation predicts g2l



SEEDS FOR STRUGTURE FORMATION

- n—1 Thomson
@(k) — E 935¢(k) — AS (ﬁ) Scattering
¢ ki

/
Dark

Matter



SEEDS FOR STRUGTURE FORMATION

o\ K\
P(k) = " Pspk) = A, (k_) \/’




SEEDS FOR GOSMIC MIGROWAVE BAGKGROUND ANISOTROPIES

Py = — | Psph)




HOW TOGONSTRAIN THE PRIMORDIAL POWER SPEGTRUM

C, x Jd Ink T(k) P(k) ™
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HOW TOGONSTRAIN THE PRIMORDIAL POWER SPEGTRUM

10'9 3 _
_1 ]
£\ _
Cf X AS (7) [dlnkT(k) E@“ 10
C— 1,=0.92 —=—- In100A, =2 ‘«‘
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THE PRIMORDIAL SPEGTRUMAND THE GMB
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SLOW-ROLL INFLATIONAND NEAR SGALE-INVARIANGE

Tensor-to-scalar ratio (7.002)
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FEATURES IN THE
PRIMORDIAL SPECTRUM (?)

Features are small (oscillatory) corrections to the near scale
Invariant power spectrum



OBSERVABLE EFFEGTS OF FEATURES
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OBSERVABLE EFFEGTS OF FEATURES
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C, x [d In k T(k) 2(k)
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OBSERVABLE EFFEGTS OF FEATURES
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e Increases with /¢

e decreases with w

C rlog k,+A/2
Op ~ AXY d log k sin(w log k)
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OBSERVABLE EFFEGTS OF FEATURES

e decreases with ¢
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FEATURED &
BEYOND SLOW-ROLL

JAIA THEORY
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INFLATIONARY LANDSGAPES




INFLATIONARY LANDSGAPES




HOW TOTEST FEATURES: GHALLENGES

Primordial features improve a lot the fit (i.e. the )(2 ) to data, but
the introduce extra parameters: penalized Bayesian evidence.

Features in Planck data have a low SNR + larger prior volume:
multimodal distributions.

Highly oscillatory features: overfitting issues & need to increase
accuracy of Einstein-Boltzmann solvers



HOW TOTEST
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BUTTUM'“P APPHUAGH (Reconstruction of the primordial power spectrum)
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PROS

Model
independence

In(10"°PR)

In(10"°PR)
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GONS

The results are not
necessarily
physical

Not sensitive to
features finer than
the binning

Typically requires
large number of
parameters



T0P-DOWNAPPROAG
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T0P-DOWNAPPROAGH

PROS

Model
dependence
(extract clear info
from data)

Fewer extra
parameters

High predictivity

Access to high
frequency features
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(Fitting models to data)
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104
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Model
dependence
(more restricted
scope)



T0P-DOWNAPPROAGH

(Fitting models to data)

Sharp
features

~ sin (2k/k)

Produced by

momentary =
departure ofa =~

background :
quantity from the

attractor solution=~ %

|B/BH| <« 1

Pr(K)

Resonant
features

~ sin la) log (Zk/ k,,)]

Produced by
the periodic

oscillation of a

background
quantity

around the
attractor



SIATUS OF FEATURES <

Consequently, the Bayesian evidence for all combinations of
models and data lies between barely worth mentioning and sub-
stantial evidence against the teature model on the Jeftreys scale.
This implies that, currently, the Planck data do not show a pref-
erence tor the feature models considered here.

From Planck inflation paper 2018
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- Starobinsky 1992 = (Chen et al 20060 -—— Flauger et al 2009 Miranda et al 2012

Adams et al 2001 - Jain et al 2009 - Hazra et al 2010
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Citations on INSPIRE HEP (Normalized)

WMAP : Planck: PBHSs
| | | | | |
2000 2004 2008 2012 2016 2020 2022
Year
- Starobinsky 1992 = (Chen et al 2006 =—— Flauger et al 2009 Miranda et al 2012

Adams et al 2001 - |ain et al 2009 - Hazra et al 2010



EXAMPLE OF TOP-DOWNANALYSIS:
GLASSIGAL PRIMORDIAL STANDARD GLOGKS




PRIMORDIAL STANDARD GLOGKS SIGNAL

Full clock signal (correction to the leading order near scale invariant spectrum)

AP
P

~ sin (2k/k, + phase)
Sharp feature signal

Depends on the mechanism exciting the oscillations

_|_

: AP (2k\® . | p? m, [2k\'7
Resonant feature signal > )i ) e

Produced by the sub horizon resonance with the

background oscillations of the curvature modes



What can we'learn:if the signal is detected?

Kg = dpll; is the scale of the sharp feature. It sets the AP
P
frequency of the sin
pPrecords the evolution of the scale factor (remember
a(t) ~ tP). It sets the running of the resonant signal AP (
P

M, [IF is the effective mass of the heavy field. It sets

the frequency of the resonant signal

PRIMORDIAL STANDARD GLOGKS SIGNAL

~ SIn (2k@+ phase)

2k
ky

a

S11

_p2

] —

)

2k

k

1/p il
) e




What can we'learn:if the signal is detected?

@in (2k/ ko + phase)

kg=1agHis the scale of the sharp feature. It sets the frequency of the

psrecords the evolution of the scale factor (remember a(t) ~ ). It sets the

running of the resonant signal

HiLH is the effective mass of the heavy field. It sets the frequency of the

resonant signal

Fhezenvélope gives us information about which sharp feature

mechanism excited the background oscillations.

AP
- =
aP (%
F (%

a

S11

p2

PRIMORDIAL STANDARD GLOGKS SIGNAL

] —

)

2k

k

1/p
) re




MODEL BUILDING: INFLATIONARY TRAJEGTORY
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MODEL BUILDING: INFLATIONARY TRAJEGTORY

< AU
15" C1nge oF S- K THE TMIEIW emchs k coMed path o UYL
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MODEL BUILDING: EMBEDDING INA 2 FIELD LAGRANGIAN
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JATAANALYSIS PIPELINE
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JATAANALYSIS PIPELINE

Model Lagrangian

J

Effective parameters describing distinct properties of the signal

J

Model parameters

)

Numerical solution using BINGO

)

CMB spectra with CAMB

)

Nested sampling (POLYCHORD)




JATAANALYSIS PIPELINE

Model Lagrangian

J

Effective parameters describing distinct properties of the signal

J

Model parameters

)

Numerical solution using BINGO

)

CMB spectra with CAMB

)

Nested sampling




ANALYSIS USING PLANGK 2018 TTTEEE DATA
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ANALYSIS USING PLANGK 2018 TTTEEE DATA
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ANALYSIS USING PLANGK 2018 TTTEEE DATA

Bl EG20
Tilt and
amplitude tightly
0.08f Ul ' constrained Multimodal pOSteriors

0.96

InB=-1.2%x0.30

0.95}

Feature parameters
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NGK 2018 BESTHIT
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ADDRESSING LARGE AND SMALL SGALES ANOMALIES

Planck 2018 PlikHM
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1 THERE A FUTURE FOR FEATURES?

BRAGLIA, CHEN, HAZRA ARXIV: 2106.07546, 210810110
BRAGLIA, CHEN, HAZRA PINOL ARXIV: 220X. XXXXX



Pc(k) X 109

FEATURE MODELS

Other feature models provide a similar fit to Planck
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FOREGASTS FOR FUTURE GMB EXPERIMENTS
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GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

Bl EG20 (Real Data)
B PL + SO (CPSC Fiducial) ?
B PL + LB + SO (CPSC Fiducial) -

PL + LB + S4 (CPSC Fiducial)
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amplitude: detection of a massive
particle

The mass of the particle will be tightly
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Evidence for inflation

15.4 v % \\/\
15.2 Lep- l K
LAl = 1 B 4 thK\J 2\
3.05 3.10 0.960 0.968 0.04 0.07 12 1.4 152 155 15.8

In A,101° Ny AP/P logiym,/H Ny



GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

GPSG WHAT WILL WE LEARN?

4o to 60 detection of the feature

amplitude: detection of a massive
particle

The mass of the particle will be tightly
constrained tom_/H = 138.16 = 0.83 by

S4

Evidence for inflation

---- p=3/2 Matt Contr logig kg

»=0.3 EXpvrosis



GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

Bl EG20 (Real Data) EG20 (Real Data)
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B PL + SO (CPSC Fiducial)
B PL + LB + SO (CPSC Fiducial)

EG20 (Real Data)

PL + LB + S4 (CPSC Fiducial)
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GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

EG20 (Real Data)

B PL + SO (CPSC Fiducial)
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GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

BB EG20 (Real Data) 5 EG20 (Real Data)
BEE PL + SO (CPSC Fiducial) ” PL + SO (CPSC Fiducial)
BEE PL + LB + SO (CPSC Fiducial) § PL + LB + SO (CPSC Fiducial)
PL + LB + S4 (CPSC Fiducial) BN PL + LB + S4 (CPSC Fiducial)
0.98f | /\
0-9651 097t
& : Q.w -
0.960 0.96
0.95 | . J
0.08 | : !
& 0.06
x 1
0.02F | W 1 e o\ Syl A l
m1.4— ~ =
313 16+ O |
N O @l | = | QS | snaams o [— -
5 1.2 2 1
11 15+
15.8| !
_15.6¢ f 1.0} 1
Z15.4— i
15.2+ \ 0.5F ;” 1
A . i o W 1 S i A f § .
3.05 3.10 0.960 0.968 0.04 0.07 15.2 15.5 15.8 |\ B 1 1 — ' ) | 1 1 AN | L 1
In A.1010 Ng AP/P logigm,/H Ny 3.05 3.15 0.95 0.97 0.02 0.06 15 16 0.5 1.0

InA,10% Mg AP, yn/P N, AN



B EG20 (Real Data)

B PL + SO (CPSC Fiducial)

B PL + LB + SO (CPSC Fiducial)
PL + LB + S4 (CPSC Fiducial)

GPSG

,,,,,,,,,,,,,,,,

N

|

3.05 3.10

In A,101°

0.960

N

T 0.968

~0.04 0.07
AP/P

15.2 15.5 15.8

GPSG FIDUGIAI. We assume the CPSC bestfit is the true model of the Universe

Substantial Bare mention Substantial Strong  Very strong Decisive

n —o—]

Q

Y

2 =

9 ——

= =

©

-

o [=c—]

——]

Q.

=

o [—e—]

——
——]

-

>

|_ I—.—I

——
—2.30 —1.10 0.00 1.10 2.30 3.40 4.01
InB=In ZCPSC —In ZModel

H Planck 2018 PL + SO H PL+ LB + SO H PL+ LB + 5S4




0.98
1 0.97

0.96

A

EG20 (Real Data)
B PL + SO (Featureless Fiducial)
B PL + LB + SO (Featureless Fiducial)
B PL + LB + S4 (Featureless Fiducial)

3.10 3.15
In A,10%

0.957 0.975

Ur

FEATURELESS FIDUGIA

\)

We assume the featureless bestfit
Is the true model of the Universe

Bl EG20 (Real Data)

B PL + SO (Featureless Fiducial)

B PL + LB + SO (Featureless Fiducial)
PL + LB + S4 (Featureless Fiducial)

0.98} :
S096f

0.94+

GPSG

2.9 3.0 3.1

In A,101° T

0.1 02
AP/P




0.98
1 0.97

0.96

A

EG20 (Real Data)
B PL + SO (Featureless Fiducial)
B PL + LB + SO (Featureless Fiducial)
B PL + LB + S4 (Featureless Fiducial)

3.10 3.15
In A,10%

0.957 0.975

Ur

FEATURELESS FIDUGIA

\)

We assume the featureless bestfit

Is the true model of the Universe

EG20 (Real Data)

B PL + SO (Featureless Fiducial)
B PL + LB + SO (Featureless Fiducial)
I PL + LB + S4 (Featureless Fiducial)

RESONANT

3.00 3.05
In 4,101

0.01 0.02
APreS/P

0.5 1.0 1.5

log 10 Wres




0.98
1 0.97

0.96

A

EG20 (Real Data)
B PL + SO (Featureless Fiducial)
B PL + LB + SO (Featureless Fiducial)
B PL + LB + S4 (Featureless Fiducial)

3.10 3.15
In A,10%

0.957 0.975

Ur

FEATURELESS FIDUGIA

\)

We assume the featureless bestfit
Is the true model of the Universe

EG20 (Real Data)
B PL + SO (Featureless Fiducial)
B PL + LB + SO (Featureless Fiducial)

Il PL + LB + S4 (Featureless Fiducial)

3.1
InA,10%

Ur

~02 0.0 0.5

APyymp/ P Ny

1.0
AN




We assume the featureless bestfit
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GONGLUSIONS

Features carry invaluable information
about the dynamics of the Early

Universe

They are not statistical significant, but
we found some very interesting bestfit

candidates

Future experiments will put stringent
constraints on them making it possible

to inspect exotic Early Universe Physics
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PROSPECGTS

= Primordial non-

Gaussianities

= Test feature signals with

LSS data

BUTLER ET AL 2018




PROSPECGTS

= Primordial non-

e

10° 1010 1011 1012 1013 10 1015
k [Mpc™']

Gaussianities

= Test feature signals with

LSS data

= Test features with GW

interferometers? f [Hz]

BRAGLIA, CHEN, HAZRA, ARXIV: 2012:05821




PROSPECGTS

= Primordial non-Gaussianities

= Test the feature signals with

LSS data

= Test features clocks GW

interferometers?

= Or with other Physics?
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PROSPECGTS

Primordial non-Gaussianities

Test the feature signals with

THANK YOU!

LSS data

Test features clocks GW

interferometers?

Or with other Physics?




