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In 1916 Einstein predicted the existence of gravi’rafional waves, since his
linearized weak-field equations had wave solutions: transverse waves of

Spd‘l’ial strain that travel at speed of light, generated by time variations of
the mass quadrupole moment of the source






The spectrum of GW|

The big picture of gravitational wave astronomy

ELF VLF LF HF

*Primordial gravitational
waves
eInflation

Space-based
interferometers

- Ground-based

*Supermassive Black interferometers
Hole Binaries -

*Cosmic strings

*Stellar mass compact
binaries
*Massive black hole mergers  e«Neutron star binaries
eBlack hole binaries

10~° 10~ 10°
F requency [HZ] Credit: NANOGrav

Many sources => Many detectors
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Lines indicate orientation
and degree of polarization

Tensor anisotropies
on last scattering surface

Polarization of CMB photons
through Thomson scattering
of electron and photon

PR .
, Only Tensor perfurbahonss
[ _can source B-mode j

Poor and contaminated signal:

-foregrounds
-gravitational lensing (E->B at small scales)
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Lines indicate orientation
and degree of polarization

Tensor anisotropies
on last scattering surface

Polarization of CMB photons
through Thomson scattering

of electron and photon
‘J Only Tensor per’rurba’rions?
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| __can source B-mode |

Poor and contaminated signal:

-foregrounds
-gravitational lensing (E->B at small scales)
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Poor and contaminated signal:

-foregrounds
-gravitational lensing (E->B at small scales)
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Lines indicate orientation

T |
and degree of polarization WA

Tensor anisotropies
on last scattering surface

Polarization of CMB photons
through Thomson scattering
of electron and photon

: —
‘J Only Tensor perturbations)
| |
| __can source B-mode |

Poor and contaminated signal:
-foregrounds

-gravitational lensing (E->B at small scales)

GW travels freely until today

Distortion of space as GW
passes detector arms

- ground-based interferometers

- space-based interferometers

- pulsar timing arrays
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{GW sources and eLISA scientific ‘goals!
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GW sources and eLISA scientific goals
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Cosmology




quantum-gravity era

Big Bang plus
10~43 seconds

: P Ty mic microwav kgroun
Big Bang plus AR B cosmic microwave background

10735 seconds?

Big Bang plus
380000 years

S now
gravitational waves

Big Bang plus e ; 4"‘”\% v
14 billion years : : -

TN,

Primordial GWs are out of equilibrium since the Planck scale (photons at 0.3 eV) so ‘

[“"\- - —

they carry information about the universe at really high energies j




! Inflation and Primordial GW
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- Period of accelerated (exponential) expansion driven by a scalar field
(inflaton) that rolls down on its flat potential

Solve Standard Big-Bang shortcomings

Generation of perturbations

Stretches the microphysics scales to super-horizon sizes

®end reheating
-,

GW are represented by tensor perturbation h;; of
the FRW mefric

ds* = —dt* + a*(t)(6;; + 1, )dx'dz?

Transverse and traceless 0;h;; = h;; =0 = 2 D.O.F

(2 polarizations)



Dynamics governed by linearized Einstein eq:

h!' (k. t) <k2 a”>ﬁ~(k t) =0
17 ? (] 9 —

a
~ a H?
Solutions
Sub-Horizon => k> aH : h;; ~ cos(wT)/a
Super-Horizon => k < aH hij ~ CONSt

Observational quantity on the CMB

V72

(h(k)h*(K)) = =50 (k + k') P, (k)

L3

2
Single field slow-roll P k L 8 H k
Tensor Power Spectrum T( ) — M2 % a_H
Pl




onsistency relations

o TR

Importance of measuring the Tensor PS (at different scales)!

Importance of measuring Violation of CR|

V = (1.88 x 10'6GeV) |
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~Consnsfency relahons
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PS,T S AS,T <k_

2 2
Ag = (H—) A

LIGO and Virgo

-+ BICEP2
=+ SPTpol

-+ al.IGO
+ PPTA(2020)

| Experiment

CMB + PPTA

CMB + PPTA + LIGO

CMB + PPTA + LIGO + indirect
CMB + PPTA(2020) 4 aLIGO

[P. D. Lasky et al., (1511.05994)]



Inflationary GWs generated by the amplification of the vacuum fluctuations,

have an amplitfude OUT of eLISA range
2
e Honox ~ 8.8 X 10°GeV

Hmax current upper bound on energy scale of inflation
Planck 2015 results. XX

BeQ.. . ()5 10

1015 1020

msec pulsar

inflation

10-20 10-15 10-10
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.
ECurremL constraints on GW energy density!

temperature (GeV)
1 0-7 1 0_3 1 01 1 05

1 0_20 1 0_16 1 0‘12 1 0-8 1 0—4
frequency (Hz)

[P. D. Lasky et al., (1511.05994)]






The processes that give rise to a NON=ZET0 tensor anisoi'ropic stress |

in the Early Universe can directly SOUrce GW

potentially detectable by eLISA
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{Inﬂ:—ﬁonary GWs and eLISA!

7
iL{L; (k, t) -+ (]CQ ¢ > hij (k, t) — 167Gall,." (k, 1)

a
Hg;-T transverse-traceless part of the anisotropic stress 1I;; (aQHZ’j — Tij 2 pa2((57;j = hw))
:[The processes that give rise to a NON=ZETO tensor dﬂiSO'l'l"OPiC stress ‘
? in the Early Universe can directly SOurce GW |
. }
] potentially detectable by eLISA |
b b ) T
GW Energy Densit o WY !
37 4 Eoo il P log f
Present-day GW frequency f = Lap
2T ao
’Energy density per log S i 15 |
frequency inferval Ny dlogf |




Inflationary sefup-

Second order GWs

Particle production during

inflation
(see M. Pieronis talk)

Spectator fields

EFT of broken space diff

Inflationary PT

Post-Inflationary sefup-

GW _from (p)reheating

Thermal background

Kination-domination

Merging of primordial BHs
(see J. G. Bellidos talk)

Alternatives to Inflation

String Cosmology
Pre-Big-Bang models
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gparfic.i_e produc;_ﬁbn during inflation
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’ :“" ; R .'"" e [J. Cook, L. Sorbo (arXiv:1109.0022)]
QAXJO n _' n ﬂ a'l' l O n mOd eB [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]
1 1 ", ~
L = (Op) Y/ () e e e ot
5 = % SO inflaton=pseudo-scalar axion Foi= Ol G20, 28 F,uz/ = E,Lu/pana

The rolling inflaton excites, through the coupling, quanta of EM field

\/

A+ is exponentially amplified as £ becomes large (>0), while A— has no amplification
by the rolling field ¥

(AL o e™)

\

The production of gauge quanta prolongs inflation because it sources inflaton
perturbations through the inverse decay 0A + 0A —

L4

— - R —— —

;iEM ﬁgldt sources also tensor ﬂucfua’rions(GVV;)z; 0A+3A — bg
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Pk | 6 | & | & | \J

A length o] | 5[ M [ o | A ||

Duwtionfrears] | 5 | 5 | 5 | 72\ _| ORI
Toselwdl | N2 | N | N[/ N\ [T

Ch I ral GraVi‘l‘a‘I'iona[ Waves signa[ Useful to distinguish origin of the signal

High scalar non-Gaussian contribution Limits from the cmB & < 2.9



[N. Barnaby et al. (arXiv:1206.6117)]

[R. Namba et al. (arXiv:1509.07521)]
[M. Shiraishi, A. R., S. Saga, JCAP 1311 (

| 1 2 1 ¢_2 - 1 22 \
(e v gyt » . FW
L= 5% ~ Mikes 00 S

@ inflaton X pseudo-scalar field o ;;é

S E—

Since there is no direct coupling between the inflaton and the axion the inflaton
perturbations, also sourced by the gauge field, are negligible wrt the gravity wave
production.

Tensor contribution ampllﬁed VNS
SA L OA S0y

0A+5A —0p o« 0A+ A — Oh

Since fhere is no direct coupling between Y and L

0A+0A — 0p ~ negligible
The mOdel Producesz - Large gravitational wave signal (observable B modes)

- Sufficiently small scalar perturbations
(in agreement with CMB

constraints)
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The bump depends on the dynamics of X

EVe__F;/ model d_eE_enden}?}

B —

Possibility to test the inflaton field at the lafesTi
stage of inflation, for which we have very poor |
information |

p—

R ————

B — —

Possibility to test the inflaton coupling(s)

———

e
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' _Peculiar Features |
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Parity vioqui‘hg signal AX

consistency
relations

EI-‘Ii_gh tensor CMB Hon-éq_ussian signa
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] What about measuring i
' PARITY VIOLATION and NON-GAUSSIANITY
] with eLISA?

| ———

[S. G. Crowder et al. (arXiv:1212.4165)] [N. Barnaby et al. (arXiv:1206.6117)]
[N. Bartolo et al. (arXiv:1505.02193)]
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“S’Ee C .I-all-o r F I e I d( [M. Biagetti et al., (1305.7241)]
1 . - [M. Biagetti et al., (1411.3029)]
[

T. Fujita et al., (1411.3658)]

1 1
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L= gMp R~ 5(9p)" = Vip) + P(X,0)
1
o e 5 MO'aMU
spectator responsible only for perturbations
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From a NON DETECTION of primordial GW bg by eLISA we can put a limit on the
spectral index of the sourced GW, for a given value of the sourced GW amplitude
on CMB scales

— — — eLISA C1, H=10"19GeV

— — — eLISA C1, H=10""GeV

— — — eLISA C1, H=10"?GeV pRELIMINARY
—— CMB bounds, H=100GeV ANALYSIS

—— CMB bounds, H=10""GeV

0.010 0.100 —— CMB bounds, H=10"2GeV

Cs

— — — elLISAC1, H=10""GeV

— — — eLISA C1,H=10"GeV
— — — eLISA C1, H=10"2GeV
—— CMB bounds, H=10""GeV
—— CMB bounds, H=10""GeV

— CMB bounds, H=10"2GeV

AT = 2.21 x 1079 (65% @GE) | o0 010 S

[Planck 2013 XVI] pbh, H=10""GeV
e = 0.0068 (95% CL) (PlanckTT + lowP)

pbh, H=10"2GeV

ro.05 < 0.09 (95% C'L) [BICEP2/Keck Array VI]



‘EFT " of broken space leFeo

[N. Bartolo, D. Cannone, A. R G Tasinato (arXiv:1511.07414)]
[D. Cannone, G. Tasinato, D. Wands (arXiv:1409.6568)]

General Relativity => invariance under " — z!* + £H(2")

During inflation ¢ —t+&(x") is broken
What happens if z' — 2''(t,27) is broken? (¢ = ¢(x"))

] If space —diffeo are broken the éravn‘on can acquire q
§ and an effective sound speed |
}

!

] during inflation

B

1\[ Pl

2
/dl} d® x a*(n) {(h’ ) — % (8lh.,;j)2 — m? h.z-zj} :

Spectral index

—— SE—— P — il a

We can generate a blue tensor spec'rrum w/o violating Null Energy Condition

[~
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A “sufficiently” blue tensor sDecfrum can be detectable by eLISA \

| Limits on { : Limits on W
' tensor spectral | - (effective) |
| index | ;_.grdviffon mass |

4
¥
L
[LIGO & Virgo Scientific Coll. (arXiv:1602.03841)]

g < 1. 2 X 10™ 22eV/C % (90% CL)
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GW from post-inflationary processes

;i(E_)_lf_e_h.e_a’ring ’rhro_;éh— p;alic_im__e’rric eFFe_c’rsT‘;

‘Resonance parameter

92(1)2 | g (coupling constant)
1 N_ w2 D, (initial amplitude of the inflaton)
w2 =i el (frequency of the oscillations)
AR 99 0" -
g "X g o AuA goyvy

(scalar) (vector) (fermion)



re—— —

§ These scenarios predlc’r a bg of GW with very large amplitude peaked at very high

# 1
e

frequencies B
“ap

hZQ(peak) < 1()_11 f Z 1()8 (OUT OF eLISA RANGE)

LT B T = : h " [T N T T A T
WAL K g i F h 45" T T T e
N oy "‘h L S . , k *?,‘.. uﬁl:lr gt :lﬁh. R T L e A




()reheating through spinodal instabilities|

Peak frequency and Amplitude are decoupled

The vacuum energy of the waterfall field Uy controls the amplitude
XA_mpli’ruc.ie- QGW X ‘.U*_f

jPecxk frequenc - 1/2
q Y f OC )\ )\ self-coupling of the waterfall field



(PIreheating through spinoda instabilfies

Peak frequency and Amplitude are decoupled
The vacuum energy of the waterfall field Uy controls the amplitude
'A»mpli’ruc.ie- QGW X U*

Peak frequenc - 1/2
q Y f OC )\ )\ self-coupling of the waterfall field

In order to be in the eLISA sensitivity range of
frequency and amplitude the coupling constant
must be

A 00 )

very unnatural
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Kination-Domination|

[B. Spokoiny, Phys. Lett. B 315, 40 (1993) [gr-qc/9306008]]

"Stiffness” period after inflation

sz _ (K SV V)

If a kination-domination period lasts sufficiently long, from the end of

inflation until somewhen just before BBN, it is in principle possible that

the, otherwise slightly red-ftilted inflationary spectrum of GW, becomes
highly blue-tilted, becoming a target for the eLISA mission

B —————

It does not affect the modes that | |
affect the CMB |

]

J
:
a_




*Summary of the mﬂa’rlonary scenarlos)

M| Blue Tilted | Single Peak Other Effects eLISA Detect.
I I I B
Particle production y Parity Violation
(gauge fields)

|--—

(very fine-tuned only
(stiff phase

I T A i A

I A I N IR

Cosmology WG Report
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Conclusions
The aLIGO detection officially open the decade of GWs

e

GWs allc—)‘;*’ro“’“rﬁe’s’r enérgy scale not ac;essik;le at collider

Primordial GW gives information on the early Universe

e — S I

The complementarity of CMB and direct GW
measurements (eLISA) provides a powerful probe of the

physics of cosmic inflation (Tensor Spectral tilt)

Consistency relations



“Inflationary” physics with eLISA:
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’Possnblll’ry to test latest s’rage of inflation and posmbles
;couphngs

o il _____J

—

fThegNON Detection of GW c,:org’rrai.ns cosmological |

{parame’[_ers g |

——

Possibility to test new qufe}n_of__gym_me+ries |

e )

JPossnblll’ry to give informations on the pos’r-lnﬂa‘rlonary \
perlod

<5 SO e B ol










Inflation and stretching of CPs

comoving scales

horizon re-entry
¢~0
+ " ] / —_— ()
Super hOI'lZ()Il AT projection Ce
transfer

s function
zero-pont

fluctuations

. . N\
horizon exit cheatine CMB today
b — aH reheating recombination

time




Polarisation of the CMB

i Thompson E mode (Grad)
Scattermg

\l/ Z 0\

| e |

/|\ N

Ly Lo - &
-:.n- “. ety b

; : Kamionkowski, Kosows
eTensor quadrupole doesn’t show axial g stebbins 1997 v

symmetry -> B mode polarisation Zaldarriaga & Seljak 1997

N
.,_'-,;- it gl S Flo k. g e -

'.. ':':f F’E “ -\..- L L A
' :







CMB and matter

spectra

Cosmic strings

D ol G .o D ah. D : o it e el

- AdvLIGO

V4~ 100GeV

10-° 104 10¢
Frequency (Hz)

Current observational upper bounds on the amplitude of GW spectrum



Resolvable galactic
binaries

Extreme mass
ratio inspirals

Characteristic Strain

—

<
N
N

Supernovae

—

<
N
S

Image credit: Wikimedia Commons/

C. Cole, R. Berry, C. Berry

10°% -10 8 6 - 2 0
107 107 107 107 107 10

Frequency / Hz

100

1 TeV

forr 2.6 x 1075 Hz €L (-t ) (25 )1/6

Only for GW emitted by causal sources
_ —1
A = €. H

/ \ (or f, =
Wavelength Horizon length

€4 S 1 param. depend. on the dynamics of the GW source



https://commons.wikimedia.org/wiki/File:Gravitational-wave_detector_sensitivities_and_astrophysical_gravitational-wave_sources.png
https://commons.wikimedia.org/wiki/File:Gravitational-wave_detector_sensitivities_and_astrophysical_gravitational-wave_sources.png
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'Sources of Gravitational Waves
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« Supernova: Explosion caused by the
collapse of an old, burnt-out star ‘

* Produces a burst of gravitational radiation,
if it is non-symmetric!

T ———— ‘7
.b

}
.

* Neutron star: A city-sized atomic nucleus!
« Can spin at up to 600 cycles per second

j « Emits continuous gravitational radiation
L (again, if it is non-symmetric)

—er

—

.

-

r""‘"‘h-.-

. Mergir;g compact binary: Collision of }
two stellar remnants (neutron stars or
black holes)

« Produce a sweeping “chirp” as they
spiral together j

P

z ? Other sources

* Primordial background: Leftov
radiation from the beginning of the
Universe

» Tells us about the state of the Universe at
or before the Big Bang!

« Sounds like “noise” with a characteristi

spectrum

- T







