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'I'he inflationary paradigm

Period of accelerated expansion

Reionized universe —

| Dark ages |

Simplest model Single-Field Slow-Roll

(SFS R> Inflation
Solves several Big Bang '|'heory
problems
Predictions: i
anorc‘hal
- Flat universe fluctuations

= Density perturbations with ~ scale-

invariant red-tilted power-law spectrum Cosmic microwave
background

L Reionization —

= (aussian/adiabatic scalar perturbations

= "l'ensor (and scalar) perturbations from
quantum vacuum fluctuations



Why hunting for the primordial SGWB?

Super-horizon tensor modes (with power spectrum P(k))
encode the initial conditions of the Universe

Standard power-law parametrisation

K\
0
AT

"l'ensor-to-scalar ratio r = —
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r directly connected to the energy scale of inflation in SESR:

1/4
V4 — 1,04 % 10'6GeV [ —
0.01

Window on new physics

Unique information on the early
universe

Probe energy scales unreachable
by particle colliders

Definitive evidence for inflation



'1'he spectrum of primordial GWs today

Matter-
* Time evolution of tensor amplitude encoded 10-1; dominated - .
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in GW transfer function: p
hp(K, 7) = h2"™™(k)T(z, k) 107
Electroweak
o 10-15 o QCD Crossover
* Energy density in GWs today: . annifilaton ForETE:
é'? Us free-
~ 1016 streaming
| opowk)  Prk) o =
Qowlk, 7p) = =—— |T(k, )]
p(zy) Olnk 12H -~
* Spectrum extends across ~ 21 decades in 10-18
frequency! '

10-2% 107 107 1078 10~ 10° 104
f [HZz]



Observational probes and
challenges




Observational probes at difterent frequencies
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Polarisation B-modes in the CMB

* Produced by 'T’homson scattering at
recombination and reionization times

* (Observables angular power spectra C ffX |
X, X' ={T,E,B}

- Total intensity T’

Gradient mode of polarisation K
Curl mode of polarisation B

* Primordial B produced only by tensor
perturbations, not by scalar!

* No detection yet of primordial B, only upper
limitsr < 0.044at95% C . L.
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B-modes contaminant: weak gravitational lensing

* Remaps CMB I and polarisation due to
intervening cosmological [.SS

* Convert E-modes into secondary B-
modes

* Dominates intermediate/small-scales
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B-modes contaminant: (Galactic foregrounds

* "T'hermal dust emission
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* Synchrotron emission

p+C, In(v/v,)
1%
Async(y) — ( — )
Vs

* Dominates large-scale B-modes
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* No pointin the sky at any frequency totally free
from contamination!

* Parametric max likelihood component separation

(FG!

Buster code Errard & Poletti in preparation)
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B-modes state-of-the-art (2028-2029)
CMB-54

Satellite mission

~ 2028

FFull sky (60%)

r ~2—200

Access to reionization bump

15 freq bands [34 - 448 GHz] (powertful
foreground cleaning)

No atmospheric contamination/ground
pickup

I .ower resolution
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= [ighly complementary experiments!
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Ground-based

~ 2029

Sky fraction 3%

£ ~ 30 —4000

Access to very small scales
9 freq bands [20 - 270 GHZ]

Atmospheric contamination/
ground pickup

Higher resolution (powerful
delensing)



Space-borne laser interferometers: LLISA

GW changes proper distance between two
test-masses, producing phase-shifts in laser
beams

(Can access low frequencies in Space

[LISA in mHzrange

3 spacecraft in equilateral triangle
constellation

[Launch early/mid 2030s > N [.ISA

Earth 2 5 million km

19-23°
60°
1 AU (150 million km)
Sun
1




Post-1LISA space missions (2035-2050)
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® DO indeciHz range
® DECIGO/BBO:

- Ultra-sensitive in deciHz range

- Hexagram configuration

DECIGO/BBO

- 4 independent constellations

® ,Aresin uHz range: perpendicular
triangular configuration, Mars orbit

® ALDGE atomic interferometer in deciHz
range
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(Ground-based interferometers

® [Higher frequencies (1 — 10* Hz)

® [instein | elescope (~ 2035) in
“xylophone™ configuration

® 3 independent detectors in equilateral
triangle

® cach detector made by 2 interferometers
(optimized for L.ow Freq or High Freq)
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Pulsar '1'iming Array (P 1'A)

® Passage of GW induces correlated modulation in the arrival times of radio pulses from array of
(Galactic millisecond pulsars

® Freq range 107° — 1077 Hz

® SKA (~ 2040s) 200 pulsars observed for 10 yr

Image courtesy of Science, credit: Nicolle Rager Fuller [modified]



Astrophysical foregrounds for direct experiments

* GW superposition from many
astrophysical sources integrated over time 1016 — .~ BBH4BNS Foreground

pI’()dU.CGS an AStI'OthSICELl SGWB :2 . — = Extragalactic WD Foreground
- n 107 — = Calactic WD Foreor
* LIGO/Virgo measured rate of BBHand 2 q Galactic WD Foreground
1018 . == MBHB Foreground
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An exciting era for cosmological SGWB

ESA Phase A

mission

CMB probes (early/mid 2030s)

SGWB detection (2020):
next 57 yrs? Pol+2021

15 yrs dataset?
first to take data Many

BBH and BNS ~ 2028/2020 mission proposals
detections ESA Voyage 2050

2035 - 2050




Forecast for CMB. P1 A and laser
interferometers



'1'ensor spectra: vacuum & sourced

Single-field Slow-roll Spectator axion-SU(2) inflation

* Chiral SGWB production from SU(2) gauge field
(Dimastrogiovanni, Fasiello & Fupita 2017)

SGWDB produced by quantum vacuum fluctuations

ny++ay In(klky)
P (k) = Ar i L =%, +l<6 )()2—;44 _1+cos ()—() —lF“F“””+i)( a [rapv
T k() inflaton y \"H _ f _ 4 MY Af Uv
Consistency relations:
* Leftor right circular polarisation with strongly scale-dependent
np=—r/8 spectrum:
ar = (r/8)|(ng— 1) + r/8] R Lk
P2 % k) = roPp(k 1 —
Gaussian d (K) = rFr(R)exp 262 k,
Parity even (CfTB B CMB spectra vanishing) Pg’ Sourced(Jy ~ ()

No circular polarisation |
* Strongly non-Gaussian

. CfTB £B CMB spectra non-vanishing
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Benchmark models
satisfying BICEP2/Planck upper bound on r
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AX3 model

peaksin PTA
range

peaks in space
interferometers
range but is not
detectable at
CMB scales

Benchmark models
satisfying BICEP2/Planck upper bound on r
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Benchmark models
satisfying BICEP2/Planck upper bound on r

Axion-SU(2) r, = 400, k, = 10> Mpe ', 0 =9.1
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SGWRB search: cross-correlation of 2 detectors

Output of detector = signal + noise

Cross-correlation of output of 2 detectors I and J:

K= | @ arsr-nanamen

— OO0
Filter function Q( f) can be chosen to maximise the SNR of the cross-correlation

Standard expression for Q( f) available in the literature does not account for foregrounds:
overestimates SNR!
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New filter for cross-correlation and foreground marginalisation

* Known foreground spectral shape g, up to uncertainty oy, on its amplitude (e.g. information from

external experiments, theoretical priors...)

* Find filter Q(f) maximising SNVR in presence of foregrounds (D. Poletti 2021 arXiv 2101.02713)
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B s-18 2 - 18 2
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Binned €2y, sensitivity curves

* Most comprehensive picture of all main SGWDB experiments of next decade and beyond

* (Coherent assumptions and realism (dashed: no foregrounds marginalization)
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10—17

10— 19

Error-bars for axion-SU(2) model
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Inflationary consistency relation ny, = — #/8

[arge lever-arm CMB/interferometers

m— | iteBIRD

mes | iteBIRD+LISA

=== | iteBIRD+BBO (no signal in BBO)
== | iteBIRD+BBO

Caser=0.01
LiteBIRD alone

LiteBIRD + LISA
LiteBIRD + BBO 00262

Noteven LiteBIRD + BBO can distinguish - 0015
scale-invariance from consistency relation

0.0038 1

50 detection in LiteBIRD but no detection in
B150): bias on r, we can detect departure from
scale-invariance at CM B scales due to large red- )
tilt

0.58 1

-0.38 1

0.93 0.97 1.010.0038 0015  0.0262-0.38 0.1 0.58
Ng T nrt
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Conclusions and path ahead

New filter: control of foregrounds is

fundamental

B-modes experiments most sensitive and

closest in time: only ones to reach r ~ 1073

CMB in detail: model-independent spectrum

reconstruction in Campet, Poletti & Baccigalup
(2019)

Results suggest a future roadmap (see right
panel)

Future work: increase realism of foreground

treatment for direct experiments
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