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Abstract: <p class="gmailmsg">| will discuss the potential for the LISA space-based interferometer to detect the stochastic Gravitational
(GW) background produced from different mechanisms during inflation. In particular, | will present the GW contributions from particle produc
during inflation, inflationary spectator fields with varying speed of sound, effective field theories of inflation with specific patterns of symm
breaking and models leading to the formation of primordial black holes. | will show that LISA is able to probe these inflationary scenarios b
the irreducible vacuum tensor modes expected from any inflationary background.</p>
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ACDM model
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ACDM model
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ACDM model
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gravitational wave physics experiments
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hi;

ds?® = —dt? + ”2“) (03 +) dr'ds?

c‘),-h'j =0 hi=0

!

a new window for exploring late
and early stages of our universe

aLIGO, prinb.z4noz

with the potential to detect, not only astrophysical sources,
but also cosmological ones

f~ (1075 -0.1) Hz
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GW background from inflation
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the irreducible backqground of GW from inflation
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the irreducible background of GW from inflation

2 1 iV < 4 r
]:ll = 3‘)"‘ ‘);:r:‘)u'r: _‘ {

©

scalar field minimally , . 1
. = [fl rv/—g [—.'l!
coupled to gravity 2

)]

l perturbing at first order

3

varying w.r.t. h,
(symmetric, transverse and trace-free)

with solution  hi(x.t)= Y hY@®)e} (x)

Am(4, %)

action for tensor perturbations s® - Mg, [ d'z a2 (t) [f’u_;i':_; . L (Vhi; )zl
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the irreducible background of GW from inflation

parametrise the tensor k \ "7l assiumihano nimnine ot ths tansorsnectral ide
power spectrum, as Pr (k) = At ( ) | . |

null energy condition: p+p __>_ 0 I H <0

H? = — 4xG(p + p) I nT < O
M2 (v, \? H red tensor spectral index
€= — o e— -
2 \V H?
almost scale-invariant
=) all GW produced, nearly frozen on super-
horizon scales, have all the same amplitude
mm—) the power spectrum k3 . (n|2 Onsuper-horizon scalesis: 8 FH\*/ bk \~*
e )= g 2. [l e )=z (37) (arr)
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Pirsa: 16110091 Page 15/73



the irreducible background of GW from inflation
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the irreducible background of GW from inflation

amplitude gives information about hubble parameter during inflation

standard single-field slow-roll inflation:
almost scale invariant spectrum of tensor fluctuations, slightly red-tilted

1 dpgw
pedIn f

Qgw(f) feMmB ~ 1071810~ Hz

: - . 20,C : 1wl H \°
amplitude of thisirreducible backgroundat | h2QEW® = h?Qcw (fomp) =~ 5X10716 ( )
. » HIIN!..‘(
frequencies corresponding to CMB scales :
H:inflationary hubble rate evaluated at CMB scales

Hox =~ 8.8 X 1013GeV

nr
Qaw(f) = QSMB ( ! )

femB

standard single-field slow-roll inflation:|nT = —7/8| consistencyrelation - = Ay /A5

ny <0 with |nr| < 1. as current bounds from CMB indicate 7 < 0.1.
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the irreducible background of GW from inflation

importantinformation about the early universe

precise imprint on CMB, resulting in a specific polarisation pattern of B-modes

BICEP KECK ACTPol

POLARBEAR
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beyond the irreducible background of GW from inflation

additional d.o.f. (besides the inflaton) are present during inflation
new symmetry patternsin the inflationary sector
large peaks in the inflationary scalar spectrum collapse into PBH after horizon re-entry

attractive target for the upcoming first
space-based GW observer, LISA
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focus on the following (well-motivated) scenarios:

- inflaton ¢ sources gauge field via coupling ¢ FH Fyy
- the gauge field sources population of GWs with blue spectrum; this population
(contrary to astrophysical backgrounds) has a net chirality and is highly non-gaussian

- amplitude and spectral index of such GW background is specified by sound speed of
spectator field(s) and time-variation of the |atter
- the GW is expected to be blue-tilted

- when space-reparametrisation invariance is broken, the graviton can acquire a mass
- the tensor spectrum can be blue and enhanced at small scales due to the specific
symmetry breaking patterns by the fields driving inflation

- in some models, large peaks in the power matter spectrum can collapse forming
PBHs upon horizon re-entry at RDE

- PBHs are clustered and merge, generating a stochastic background of GWs, probably
detectable by LISA
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Name A5M5 | ASM2 | A2M5 | A2M2 | AIMS | AIM2
Arm length [10° Km| 5 5 2 2 1 1
Duration |years| 5 2 5 2 5 2

(0.lmHz — 1Hz)

* LISA PATHI TNODIR ERCIDDS DNPOCTAT IONS

address the potential of several LISA configurations to detect
a stochastic background of GW coming from inflation

the best 6-link configuration over 1 year can detect a white noise background at the level

of A2, = 1013 s SNR =10 NS everysignal with
————— SNR > 10
must be visible by a

6-link LISA configuration

power law sensitivity curves for the 6 configurations
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values of the spectral index
close to zero are only visible
for high enough amplitudes

detectable region
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_aemsf O\ ny
Qew(f) =Qew | —

femn

fo= fomp =T7.7x10"17 Hz k. = 0.05 Mpc™*

K, = 0,05 Mpe™!

assuming the best LISA configuration
ASMS, we can constrain the spectral
indexupto < 0.35

initial LIGOO1: nr < 0.54 at 95%C.L

{

test for deviations of consistency relation

any evidence of a blue tilt (necessary for a detection at the LISA frequencies) 7T > 0
would be an indication of a deviation from single-field slow-rollinflation
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particle production during inflation
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radiative corrections can disrupt the inflationary potential in 2 ways:

to make the radiative effects under control, one introduces symmetries:

radiative stability of a scalar potential through shift symmetry: & — ¢+ dqg

constant

axionic coupling of inflaton 1 . generated in large class of
AL = fid,F"/ ) 2 o, ‘

(pseudo-scalar) ¢ toa U(1) af 7! inflationary models, leading

gauge field to rich phenomenology
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=k Ai(k, 7)

d2A,(k, T) _,@ k :
—_— . 22— 1 AL — = L
) + [A 2¢ T] Air(k,7)=0 é=7rp

forlong wavelengths -k < 2¢ only one of the two helicity modes (A. )
is exponentially amplified by ~. ¢=¢ for ¢ > o(1)

[::> only positive helicity photons are amplified

: . : . :
reminiscent of parity-violating nature of operator -3;¢f«"in the presenceof ¢ #o0

A:  source of scalar perturbations and of gravitational waves with non-gaussian statistics

A+A = dg A+ A = dg
6 6né ‘.
f‘\".l',‘"‘ ~ 7.1 x 10° iL '___‘m - for such small values of & the sourced GW are weak
VL i3 £
19]* & and unobservable

- but £ is time-dependent so that it could grow to

largevalues later; & will increase for shorter scales
the non-observation of scalar non-gaussianities by (since | ¢| increases, H decreases at end of inflation)

planck at cosmologicalscales (f ~10 ' Hz ) implies "
a strong constraint {250 9%%CL ot those scales study detectability of these GW by LISA
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power spectrum of GW
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power spectrum of GW
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power spectrum of GW
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additional distinctive properties of stochastic GW background:
" parity violation
[)(i!h\\"‘suur('mi ~ 8.7 xl”“"‘%i_‘;& ’ 1)( :_\\',sunr(‘vd = 1'8)( 10 = g: (.:ZE
Mpy S Mpy &

‘ highly chiral stochastic GW background
"  non-gaussian statistics

 (} ] ' op3/2
I"G (o (ki) by (ko) h+(k3))muil = QJP(_:Q\'

Pirsa: 16110091 Page 29/73



power spectrum of GW
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power spectrum of GW
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power spectrum of GW

$=3rm
B Qcwh? ~ 1.5X10-13 B ere
ipL &
| _ : _ f Hy
relation between frequency and e-folds: N ~197-In i +In Heo
- Z 60

spectral tilt: = dIn Qcwh? — Qcwh? « frr
dln f

the GW signal depends only

" itivziti m o~ lf_ ) —
for LISA sensitivities nr ~(47€ —6) (e —n) on [LErRACES)

£E> 1

Page 32/73



compute minimum & required fora GW signal to be above minimum of sensitivity curve

A5M5 (Best Config.)

A1TM2 (Worst Config.)

- - : =
55F X 55 o = 534 (e 008 )
= 5.04 (H= 0.04 H,) “‘
5.0f e . 5.0
\ Gnin = 4.78 (H= 0.20 Ho)
“WAas Emin n 447 (H= 0.20 H,) “Wr a5
\ PN e =420 (e 100 H)
Chaotic 13 -
40f Inflation Znin = 3.89 (H= 1.00 H) 40 e \
2 2
/31 \ n
3D 3.5
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
: 13 7 e=h €=n
£ =681 16" Ge) inflaton-gauge coupling Mp; /f=35,34,33,32,31
fol yons = 0.00346Hz and f.|,, .., > 0.00390 Hz

horizontallines: for small slow-roll parameters (¢—») < (.1 the answer is independent of spectral tilt of
signal, so independent of slow-roll parameters
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LISA cannot probe any hubble rate smaller than ~ O(107%)H..
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(e —n) = 0.02 (e—n) =0.1

9.5

5.0

2 ASME
Ogw 2 ﬂf.“n )

4.0t

3'3.0 0t2 0?4 0‘.6

H,. = 6.4 x 1013GeV HiH

regionsin (&-H) parameter space that LISA can probe for best (worst) configurations

Name A5M5 A1M2
Arm length [10° Km)| 5 1
Duration |years| 5 2
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difference in & probed by the two configurationsis A¢ ~ 0.31
but Qcw x '™  which translatesinto a GW boost factorof ~ €39 ~ 102 |

(e —m) = 0.02 (e—n) =0.1
o ;

5.0t

4.0t

2 5
M Ogw 2 ﬂ:;‘u

3 . : : : 3. : : : :
b0 02 04 06 0.8 10 80 02 04 06 08 10

H.= 6.4 x 1013GeV HIH, H/H,

degradation of LISA’s ability to measure a signal for small inflationary hubble rates, as the
minimum & required for a detection grows exponentially fast as the hubble rate decreases
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particularinflationary models

up to now, we were agnostic about the inflation potential; let us specify it now

N ~ (50 — 60)
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particular inflationary models

up to now, we were agnostic about the inflation potential; let us specify it now

chaotic (p=1): V(o) = Vo’ - B=9/4,
Starobinsky (p=2): V(o) = Vp(l —e79)? - B=1/(2v%

remaining parameter space (f, v, VO): one parameter eliminated by COBE normalisation

CMB observables: scalar amphtudeA , spectral tilt n_, tensor-to-scalar ration r, equilateral
non-gaussianity parameter f , level of u-distortionin CMB black body spectrum
< 6x1078

GW amplitude and tilt are evaluated at peak of LISA sensitivity f ~ 4 x 107 Hz
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complementarily between CMB experiments and direct GW detectors

Chaotic model, V() = Vo ¢

1.00

CnMB

excluded

from non-observation of
non-gaussianities and
u-chstorhonsm CMB

Logso[Me/1]
Logyq[Me/1]

r=0.04
ng =0.975
08 ' 1.0 1.2 14
Y Y
CMB constraints and LISA sensitivity tilt of tensor power spectrum
¥=1.0
excluded by CMB excluded by CMB
constraintsonn constraintsont np =~ 1.21 (1.20)
np ~ 0.8
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Starobinsky-like mocel, spectal tilt n,

.2 preceyrmyes—pr———————r——————— 22

exciucec
from non-observation
" of non-gaussianities

and p-distortions in
€ =
= apasdils o
o 0.98 o
§ 1.8} §
1.7
=0.008
Y ¥
CMB constraints and LISA sensitivity tilt of tensor power spectrum
y=0.5

np ~0.2
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focus on the following (well-motivated) scenarios:

- inflaton ¢ sources gauge field via coupling ¢ F* Fuy
- the gauge field sources population of GWs with blue spectrum; this population
(contrary to astrophysical backgrounds) has a net chirality and is highly non-gaussian

inflation with spectator fields
- amplitude and spectral index of such GW background is specified by sound speed of

spectator field(s) and time-variation of the latter
- the GW is expected to be blue-tilted

- when space-reparametrisation invariance is broken, the graviton can acquire a mass
- the tensor spectrum can be blue and enhanced at small scales due to the specific
symmetry breaking patterns by the fields driving inflation

- in some models, large peaks in the power matter spectrum can collapse forming
PBHs upon horizon re-entry at RDE

- PBHs are clustered and merge, generating a stochastic background of GWs, probably
detectable by LISA
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: besidesthe inflaton field, there may be another scalar field which
does not influence the inflationary dynamics of the background

particular example:

1., 1 : :
£ = >M}R+ 50.00"¢ -V (¢) + P(X,0) X = 0000

. D
inflaton Spectatol

generic function

inflaton: drives accelerated expansion and generates scalar perturbations

spectator: does not influence background dynamics but induces scalar and tensor perturbations
with propagationsspeed ¢ = Px/(Px + Pxxd3)  which can vary during inflation
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: besidesthe inflaton field, there may be another scalar field which
does not influence the inflationary dynamics of the background

particular example:

s 1 < =
L: — 5.\!1-!![? + 5(.);1(,'1(.)“(:3 — ‘a (l.')) + I)(.\ .fT] X = sr‘l“rr{)"n’
tensor power spectrum Pew (F) 22 (L.)"-‘ﬁ' L (k )"'r"'
cw (k) > =5 | 1~ St \
M2, \k 157c3 M3, \ k.
n:;-” = —=4e - 38
n -1 i T
=0,/He, #£0
- = ¢=-H/H?
scalar power spectrum Ps (k) ~ HY (k)™® : ” 1 H* (k) -
= - -.1(‘\[;’,! k 32ncI M ,‘., E;
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: besidesthe inflaton field, there may be another scalar field which
does not influence the inflationary dynamics of the background

particular example:

[ 1 - -
L= 3.-111‘)\,[? - 3(’),,0‘:(’)'”::; -Vig)+P(X,o0) X = }o00tc
(v)
tensor power spectrum oH2 [ k\™
Fow (k) = =5 | T -
.‘-1";,! k. {
nF;.” = —4¢ - 38
induced by the
presence of the ng = 1= —de~Ts
spectator field s=é,/He, £ 0
(*)_, ¢=-H/H?
scalar power spectrum o 2 ol e
[_\' (A ) e 5 4
lf;‘l’i‘:‘ A'-
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: besidesthe inflaton field, there may be another scalar field which
does not influence the inflationary dynamics of the background

particular example:

et sy 1 : -
L= S.Uf.,[i’ s Si),,c::(')“r:a -V(g)+P(X,0) X = jo0de
A%
tensor power spectrum
5 nF;.” = —4¢e - 38
induced by the
presence of the ng’ =1m —de~Ts
spectator field s= & /He, %0
e=—-H/H?

scalar power spectrum

.‘lf.'fl

amplitude of sourced
scalar contribution

Pirsa: 16110091 Page 44/73



: besidesthe inflaton field, there may be another scalar field which
does not influence the inflationary dynamics of the background

particular example:

1_.a 1 : =
L: — 3.\]‘]“)![? - 3(‘)“{:)(.)”(:3 — ‘. ((_'J) .- I){_\ .(T) X = {;fl;.ﬂ(ﬂ'lf
tensor power spectrum o (k) 22 (ﬁ.)"’ﬁ" g H (L‘ )"'r"'
GWR) =+ | 1 1573 M4,
M2, \ k. 157 M3, \ k.
nF;." = —4¢e - 38
ng’ -1 be =T
s=o/Hey #0
< = €= —H/H?
scalar power spectrum Ps (k) ~ H?2 (k\" 1 H? i)”* ‘
2 _ lf“l’i!:! A‘. 327!’(3 .‘!ll,, k.

for ¢_sufficiently small and $<0 with
large absolute value, there is an
enhancement of GW amplitude on small
scales, in principle detectable by LISA
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) M - : 3wt (ko) k (k\?
2 SR (| g — R— “fls - k. To #1.36 | — | + 2.5 —_—
h !El.\\ ”\.au] = ml(.\\ ”\}1 ik To) I ) *To \-l” 1.3 (L‘.,_‘) “(_ "'--4)

S=EC, He, #0

te = 0.05Mpe™!

H = 10'% GeV
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present-time GW spectral energy density
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left region allowed
by a non-detection of
GW signal by LISA
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present-time GW spectral energy density
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blue tensor spectrum for inflationary GW

conventional models of inflation:

scalar field(s) with time-dependent homogeneous profile, which breaks only time-reparametrisations
symmetry of de sitter during inflation; space-reparametrisationsare normally preserved

tensors are adiabatic, massless modes during inflation,
conserved at super-horizon scales

tensor power spectrum controlled by the value of hubble
parameter and tensor sound speed

amplitude of tensor power spectrum decreases at
smaller scales (red spectrum)
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blue tensor spectrum for inflationary GW

conventional models of inflation:
scalar field(s) with time-dependent homogeneous profile, which breaks only time-reparametrisations
symmetry of de sitter during inflation; space-reparametrisationsare normally preserved

breaking space-reparametrisation, inflationarytensor modes can be massive
if graviton mass is sufficiently large blue GW spectrum with enhanced power at scales << CMB

end of inflation: inflaton can recover space-reparametrisation symmetry gravitonmass =0
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i M2 S o oot ‘
S = % /rh‘d'{.ru'*(f)n(!) hi; — »(-7( ) (U{hu)')

]
a=

9 9
— my,(t) hj;

er # 1

consider pure de sitter H = const. and c¢r, ™h constants, setting 7 = 1

for small graviton mass |mx/H| < 1

H? i S
p, T — nr =
" A ME (A) )

-
-

LSl
—
—

L=

a blue spectrum, nr >0, requires ™, >0

interesting case: it enhances the tensor spectrum at small scales and can
lead to a signal detectable with LISA
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er # 1

m; >0 mi <0

consider pure de sitter H = const. and ¢r, ™h constants, setting 7 = 1

for small graviton mass |mx/H| < 1

p H 3 k i 2 mf
’ — g — nr = = Vr
: A2 .‘”f.’)f (.} k. T

0 S Cr & |

a blue spectrum, nr > 0, requires m; >0

interesting case: it enhances the tensor spectrum at small scales and can
lead to a signal detectable with LISA
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