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The Hp tension

» CMB data provide the initial condition for the subsequent
evolution of structure formation in the Universe.

» One can then use the standard model to make a prediction for
the LSS in a late-time Universe.

» Observations of the LSS thus offer an end-to-end test of this
prediction.

» We have indications that this end-to-end test can be failing.
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The Hy tension

» The discrepancy in the inferred value of Hy between early (model
dependent) and late time constraints - 40 to 60.

Aghanim, N., et al., A&A 641, A6 (2020); Riess, A.G., et al., ApJL 934 L7 (2022)
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Freedman, Wendy L. et al., APJ 882, No 1, (2019).

Leila Graef |



» An interesting possibility would be a signal for a new physics
beyond the standard model.

However...

» The new physics that increases the current expansion rate
usually suppresses the structure formation, which tend to be
compensated by an increasing in the density of CDM, leading to
an increase in the og tension.
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Approaches to the tension

- Early dark energy, interacting neutrinos, modified gravity, A(t), Nef ...

» No easy extension can solve all tensions and accommodate all
data

» Adding N can relax the tension only because the Hy error from
Planck is increased but the central value is still low.

» Marginalysing over additional free parameters broadens the
posterior of all cosmological parameters, in particular those
correlated with the extra ones.

» Free parameters result in larger uncertainties in the IR
parameters.
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An Alternative View

"New Physics in light of the Hy tension: an alternative view",
S. Vagnozzi, Phys. Rev. D, 102, 023518, 2020.

» Are there values of w and Ngg# which, if predicted/fixed by a
physical theory, will lead to reduction in the tension while not
being so disfavored against ACDM?

» The reduction in the tension would then be due to a genuine shift
in the central value of HO.

» What value of w or Ngi would such a physical theory have to
predict in order for the high-redshift estimate of Hy match the
local distance ladder estimate?

> |s there a “sweet spot” between decrease in Bayesian evidence
and reduction in the Hy tension?
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» Suggests a kind of frequentist/bayesian approach.

» D.o.f. reduced with respect to the case where the parameters are
free to vary.

» It was found that models with N = 3.95 and w = —1.3 solves
the tension but are strongly disfavored.

» Models with Ng# = 3.45 and w = —1.1 brings the tension down
to 1.50 and 20 respectively, but are weakly and strongly
disfavored by the data with respect to ACDM.

» There are models which predict such values.
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Coming Soon

And then we extend the analysis to the parameter og using more
recent data...

An empirical investigation into cosmological
tensions.

Ramon de Sa', Micol Benetti®* and Leila Graef®

Unstituto de Fisica, Universidade Federal Fluminense, 24210-346
Niteroi, RJ, Brazil.
2Scuola. Superiore Meridionale, Largo San Marcellino 10, 80138
Napoli, Italy.
3Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, Via
Cintia 80126 Napoli, Italy.

Contributing authors: desaramon4@gmail.com;
micol.benetti@unina.it; leilagraef@id.uff.br;

Leila Graef |



10

08 A

06

PIPomax

04
02

0.0

AHy = Hy — Ho|xcpu = 5,9AN, 5 = 5,9(N.sf — 3,046)

Leila Graef |

Planck 2018 + BAO + Pantheon
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Relating AHy and Aog
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ANeff and Aw

» The behaviour of the interpolations suggests that models with
ANgg performs better than models with Aw regarding the two
tensions.

How much the extra parameters are allowed to vary according to the
data?

» The most stringent limit of AN constrained by Planck 2018 is
ANgss ~ 0.11 at 68%.

» The most stringent limit on wis w ~ —0.06 at 68%.
» There are models which predicts the desired value of Ngys!

Let us analyze one of them...
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Stochastic Background of Gravitational Waveg

Gravitational waves must contribute to Ng!

SBGW: Cosmic strings; phase transitions; PBH; merging supermassive BH binaries;
primordial tensor fluctuations...

The primordial power spectrum from scalar and tensor fluctuations:

oo
Pr(k) = —IR
r(k) 23T2| il
k ng—1
- (i)
Pik) = i(|h+|2+|h"|2)—ﬂ £y
' a 2-2?2 k k - k-k

We can also write the tensor amplitude in terms of r as Ay = r As.
» When the tensor power increases with the frequency (nr > 0) we
say we have a blue tilt - high amplitude at high frequencies.



Primordial GW’s contribution to p.

The tensor power spectrum at a given conformal time is related to its
primordial counterpart as follows

Pr(n, k) = T#(n, kYPE™ (k) ,

where transfer function accounts for the evolution of tensor
perturbations across the various epochs of the Universe’s expansion
history up to 7.

The total energy density in GWs can be computed as,

kuv ‘pT(k)
W= 1ln k
pew = N BarGa?

[T (k,mo)]” ,
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Primordial GW’s contribution to Ngs

The effective number of relativistic species receives an extra
contribution,

8 (1IN\®] Ay (kov\™
N ~ 3 . 3. . o i E uw
off 3046+[5046+7(4) ]24714- (—k*)

» The contribution NG is completely negligible in models that
predict a red tensor spectrum (ny < 0), like standard inflation.

> The value of NG/ impacts the redshift of rad/matter equality, Zeq,
affecting the whole background expansion history.

» This affects the constraints on several cosmological parameters
including Hp.
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Wait a minut!

Was the Stochastic Background of Gravitational Waves ever detected
at first place?
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A Possible Detection

In 2020 NANOGrav reported evidence for a stochastic process
affecting pulsar timing residuals in its 12.5-year dataset.

It might be the first detection of a stochastic gravitational wave
background!
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NANOGrav Results - 2020

The NANOGrav 12 5 -year Data Set:
Search For An Tsotropic ional-Wave Background

ZAVEN ARZOUMANIAN,' PAUL R BAKER,® HARSHA BLUMER,** BENCE BEcsy,® ApAM BRAZIER,*” PAUL R. Brook,™*
SARAH BUJlKl:rSI’ULI\UIl " J/\Mu M. Coroes,® N J. Cornish,®
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T. Josern W. Lazio,* Durcan R Lomse, > Jic Luo,® RYAN S. LyNCH
Maura A. McLAvcnLiN,** Criara M. F E
TimoTHy T. PENN * Niman 8. Por, 43 §
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KEVIN STOVALL,'® JERRY P. SUN,?® Josepn K. § T
MICHELE VALLISNERL® SARAH J. VIGELAND,?

AvLOR,* Jacon E.
N AL Wirr -
THE NANOGRAV COLLABORATION

Z. drzoumanian et al. [NANOGrav],
“The NANOGrav 12.5 yr Data Set: Search for an Isotropic Stochastic Gravitational-wave Background,”
Astrophys. J. Lett. 905, no.2, L34 (2020)

"Strong evidence for a stochastic common-spectrum process against
independent red noise process”

Caution! Detection of spatial quadrupolar correlations is required for
the NANOGrav signal to be confirmed as a genuine SGWB detection

If confirmed, it will represent the first detection of SBGW!



NANOGrav - Only the first!

There is reason to be cautiously optimistic:

On the evidence for a common-spectrum process in the search for the nanohertz gravitational-wave
background with the Parkes Pulsar Timing Array

Boris GONCHAROV,"*? R. M. SHANNON,"? D. J. REARDON,"? G. Hosss," A. Zic,>* M. BaiLes,"? M. Curvto,®

S. DAL™™ M. KERR,® M. E. LOWER,"* R. N. MANCHESTER,' R. MAaNDOW,"! H. MiDDLETON,"*? M. T. MILES,"?
A. PARTHASARATHY,'" E. THRANE,""? N. THYAGARAJAN,' X. XUE,">'* X-J. Znu,'"2 A. D. CAMERON,"? Y. FENG,™
R. Luo," C. J. RUSSELL,'"” J. SARKISSIAN,'® R. SPIEWAK,'"! S. WaNG,'™ " J. B. WANG,'® L. ZHANG,'" AND S. ZHANG*

The Astrophysical Journal Letters, Volume 917, Number 2 (2021)

Common-red-signal analysis with 24-yr high-precision timing of the
European Pulsar Timing Array: Inferences in the stochastic
gravitational-wave background search

S. Chen"?*, R. N. Caballero®t, Y. J. Guo*, A. Chalumeau>'?, K. Liu*, G. Shaifullah®7, K. J. Lee?$4,
S. Babak®®, G. Desvignes*!?, A. Parthasarathy*, H. Hu*, E. van der Wateren'""', J. Antoniadis'3*'4,
A.-S. Bak Nielsen!>, C. G. Bassa'!, A. Berthereau'?, M. Burgay'®, D. J. Champion®, I. Cognard'?2,
M. Falxa®, R. D. Ferdman'?, P. C. C. Freire?, J. R. Gair'®, E. Graikou®, L. Guillemot'2, J. Jang*,
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C. Tiburzi'!, A. Vecehio®, J. P. W. Verbiest'>4, J. Wang'3, L. Wang® and H. Xu®268

arXiv:2110.13184 [astro-ph.HE]

Things are getting more and more interesting everyday!
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei
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Questions:

Can the NANOGrav signal be due
to early universe SGWB?

If so, what are the implications
for the primordial universe models?

Would such early universe models be in agreement with
all the cosmological data we have today?
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Implications of the NANOGrav results for inflatigg

Retrospective

“Can the NANOGrav signal be due to an inflationary SGWB, and if
s0, what are the implications for inflationary parameters?”

"With a few caveats, | find that the answer to the first part of the question is
Yes!"

» Data requires T,, < 100GeV — 1TeV plus r > ©(10~%) and 0,7 < ny < 1,3.

Sunny Vagnozzi, Mon. Not. Roy. Astron. Soc. 502 (2021) L11.
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Spectral Shape

S. Kuroyanagi, T. Takahashi, S. Yokoyama
Blue-tilted inflationary tensor spectrum and reheating in the light of NANOGrav results
JCAP 01 (2021) 071.

» The thermal history of the Universe, such as reheating and
late-time entropy production, affects the spectral shape of GWs.
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The blue tilted tensor spectrum is predicted in several early universe
models, including but not limited to:

Solid Inflation;

Non-commutative space-times;

Spatial or temporal diffeomorphism invariance breaking;
General violations of the null-energy condition;
Couplings to gauge fields and spin-2 fields;

Modified theories of gravity (Galileon-type interaction term,
Gauss-Bonnet coupling...);

Higher order effective gravitational action corrections;
String gas cosmology, some bouncing modes..

vVvyVvyvyyvyy

vy
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In summary /y

Results so far

» For a non-instant reheating scenario of inflation, consistency with
data requires a low reheating scale, T, < 100GeV — 1TeV.

» The thermal history of the Universe, such as reheating and
late-time entropy production, affects the spectral shape of IGWs
at high frequencies and permits evading the upper bounds.

» An inflationary interpretation of the NANOGrav signal is not
excluded.

However...

» Need for a more general tensor power spectrum.
» Consider early universe models rather than only inflation.

» Use other cosmological data and full likelihoods.
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Beyond Standard Inflation

There are several motivations to go beyond Standard Inflation:
» Singularity problem, fine tunings, reheating, naturalness...

Alternatives:

D. Polarski, A. Starobinsky, Y. Verbin, JCAP 01 (2022) 052.

M. Bastero-Gil, A. Berera, Rudnei O. Ramos, Rosa J., PRL, 117, 151301 (2016).
N. Pinto-Neto, J. Fabris, J. Toniato, G. Vicente, S. Vitenti, PRD, 101,123519 (2020).
W. Hipdlito-Ricaldi, R. Brandenberger, E. Ferreira, L. Graef, JCAP, 024 (2016).
R. Brandenberger, P. Peter, Found. of Phys. 47, 797 (2017).

E. Bittencourt, U. Moschella, M. Novello, J.D. Toniato, PRD 93, 124023 (2016).

R. Brandenberger; S. E. Joras, J. Martin, PRD 66, 083514 (2002).

A. H. Chamseddine, V. Mukhanov, JCAP 03 (2017) 009.

F. Finelli, JCAP 0310 (2003) 011.
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"Primordial Gravitational Waves from NANOGrav:
a broken power-law approach”

M. Benetti, L. L. Graef, S. Vagnozzi, Phys. Rev. D, 105, 043520, 2022.
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Beyond Single Power-Law Tensor Spectrum

S. Kuroyanagi, T. Takahashi, S. Yokoyama, JCAP 02 (2015) 003.

The scales of CMB and LIGO differ by more than 19 orders of mag!

"We proposed a more generalized modeling of the spectrum, where the
spectral power dependence changes at the characteristic frequency f,,."

"This generic modeling accommodates various models of the early Universe."
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Broken Power-Law

» We require a spectrum which is blue for frequencies below the
break, and red above, with the break frequency lying between
the PTA and interferometer ranges.

» The break helps:
a) Ensuring consistency with LIGO/Virgo’s upper limits;

b) Suppressing the SGWB contribution to the radiation energy
density in the early Universe (as captured by the parameter
NEY) - consistency with CMB and BBN constraints.
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Methodology and Datasets

We considered the following datasets:

NANOGrav

LIGO/VIRGO

RCF - Planck (2018) / Keck Array / BICEP2.

Barion Acoustic Oscillations - SDSS, BOSS galaxy sample...
Pantheon Compillation - SNela data.

Cosmic Chronometers — measurements of the expansion rate of
the universe H(z) with galaxy data.

vVvyVvyVvyyvyy

— We used the CAMB code in order to obtain the theoretical
prediction for different models (parameters).

— The posterior distributions for the cosmological parameters are
obtained by means of the CosmoMC, a code used to compare the
theoretical predictions of the different models with the datasets.
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Dataset for the analysis:

CMB+BKP2+GWpriors+NANOGrav
CMB+BKP2+GWpriors+NANOGrav+BAO+Pth+CC

Analysis

with fo, r fo [Hz] r nr
1) fixed | 107°/1077 107°% | 1.314+0.03
2) fixed | 10 °/10 ° 10 % | 0.984+0.03
3) fixed | 107%/1077 0.06 | 0.79+0.03
4) free <10°%" [>10%°] 0.97+0.19
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Detectors
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P. Campeti, E. Komatsu, D. Poletti and C. Baccigalupi, "Measuring the spectrum of primordial
gravitational waves with CMB, PTA and Laser Inteiferometers,” JCAP 01, 012 (2021).
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Measuring the spectrum of primordial GW

with CMB, PTA and Laser Interferometers

We investigate the possibility of measuring the primordial GW signal
across 21 decades in frequencies, using CMB, PTA, and laser
interferometers.

"We find excellent prospects for joint measurements of the GW spectrum by
CMB and space-borne interferometers mission proposals.”

P. Campeti, E. Komatsu, D. Poletti and C. Baccigalupi (2020)

Leila Graef |



Prospects for Detection

The double power-law model together with the predictions of the
future experiments.
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Conclusions and Prospects @
Z

» We consider a model able to describe the whole frequency range
between the CMB and LIGO, by means of two power laws of
different inclination, which meet at a characteristic frequency f,.

» This provides a way to reconcile the NANOGrav detection with
LIGO being also in agreement with the other cosmological data.
Fitting a wide range of precision cosmological and astrophysical
datasets within a SGWB spectrum, requires several deviations
from the standard picture.

» This model can explain the NANOGrav signal with a value of
nr ~ 1 and f, lower than 0.2Hz, contributing to the value of Ngg
at most for ~ 0.11.

» The expected sensitivities of the future experiments are 100
times better than the first generation.

» Testing the spectral shape of SBGWs through complementary
measurements should bring some light about physical origin of
the signal.

Great expectation for big news in the near future!
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SKA - Starting Construction
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Einstein Telescope - 2035 )
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LiteBIRD - 2028
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T. Matsumura (ISAS/JAXA) on behalf of theLjé |
/

LiteBIRD

Lite satellite for the study of B-mode polarization and Inflation from cosmic
microwave background radiation detection







	Introduction
	The H0 and 8 tensions
	The NANOGrav Experiment
	Motivations
	Retrospective
	NANOGrav results and inflation

	SBGW in light of NANOGrav + full dataset
	Stochastic gravitational waves from NANOGrav revisited
	The Model
	Observational Results
	Measuring the spectrum of primordial GW

	GWs and the H0 tension problem
	Conclusions

