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Abstract: <p class="gmailmsg">l will discuss the potential for the LISA space-based interferometer to detect the stochastic Gravitational Wave
(GW) background produced from different mechanisms during inflation. In particular, 1 will present the GW contributions from particle production
during inflation, inflationary spectator fields with varying speed of sound, effective field theories of inflation with specific patterns of symmetry
breaking and models leading to the formation of primordial black holes. | will show that LISA is able to probe these inflationary scenarios beyond
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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' a new window for exploring late
and early stages of our universe

allGO, prl n6.o6no

aLIGO, prin6.24103

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

parametrise the tensor
power spectrum, as

s the power spectrum
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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

Edlnf

Qgw(f) femB ~ 10°18% 10 Hz

D)

A - ; H \i
amplitude of this irreducible backgroundat | R2QEW® = h*Qaw (fomB) = 5X10716 (H )

frequencies corresponding to CMB scales : max
H:inflationary hubble rate evaluated at CMB scales

Hnax = 8.8 X 1013GeV

nr
Qew(f) = QGHB (L)

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

nr <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

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 Fpy
- 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 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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Name A5M5 | A5SM2 | A2M5 | A2M2 | AIMS5 | AIM2

Arm length [10° Km| 5 5 2 2 1 1
Duration |years| 5 2 5 2 5 2

(0.lmHz — 1Hz)

laser interferometer space antenna (LISA)

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 h’Qg, =101 - SNR = 10 - every signal with
SRR SNR > 10

must be visible by a
6-link LISA configuration

power law sensitivity curves for the 6 configurations
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Oew = A(f/1.)"

fo [Hz] = 0.003

values of the spectral index
close to zero are only visible
for high enough amplitudes

detectable region
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CMB D Vi ny
Qew(f) =Qw | 7——

femB

fo— foren — T.73107"" B k. = 0.05 Mpc™"

k, = 0.05Mpe™

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) T > 0
would be an indication of a deviation from single-field slow-roll inflation
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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: ¢ = ¢+¢qg

constant

axionic coupling of inflaton 1 & generated in large class of
AL = —— ¢ F,, i* _
(pseudo-scalar) g toa U(1) T 7l inflationary models, leading

gauge field to rich phenomenology
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d?A(k, 7) @ k é
d1'2+[,‘ zsrl Ar(k, ) =0 T

forlong wavelengths -k < 2¢ only one of the two helicity modes (A+)
is exponentially amplified by .. ¢7¢ for ¢ > o(1)

E>0

[::> only positive helicity photons are amplified

e § [ ;
reminiscent of parity-violating nature of operator -i;¢fwF"in the presenceof ¢ +o0

A.  source of scalar perturbations and of gravitational waves with non-gaussian statistics
A+A = do A+ A = dg
ff;l';_lﬂ ~ 7.1 % 10° ﬁi i’;_{ - for such small values of & the sourced GW are weak
19> € ' and unobservable
- but £ is time-dependent so that it could grow to
large values later; & will increase for shorter scales

(since |d| increases, H decreases at end of inflation)

planck at cosmologicalscales (f ~10-'" Hz ) implies g0
a strong constraint {250 %%CL ot those scales study detectability of these GW by LISA

the non-observation of scalar non-gaussianities by
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power spectrum of GW
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power spectrum of GW
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power spectrum of GW

€2 0(1) J3 :
Pow (k) = 5—5 ) [hi (K)[°
4 ‘- 14“1
— )(:\\".\':u'uum (}') -+ [)(J\\'.suunwl U‘) T 2fH
2 H? g HY el
N e + 8.7X1070 e — .
f| il ;‘]’,! "‘!f’l E(
additional distinctive properties of stochastic GW background:
" parityviolation
}'{l (_1:5, hrl ¢ A€
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power spectrum of GW
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power spectrum of GW
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compute minimum & required for a GW signal to be above minimum of sensitivity curve

A5M5 (Best Config.) A1M2 (Worst Config.)
v v - . v v e v
2.5¢ ) 9.5 Lmin = 5.34 (H= 0.04 Ho) '\
A
=504 (H= 004 H,) X
5.0f b - 5.0
fnin = 4.78 (H= 020 Ho)
WA g5 Emin = 447 (Ha 0.20 Ho) WA 45
» " gpeampm1008)
Chaotic ]33 »

ol e I G  3.89 (He 1.00 ) 40 |mgao: s \
]“ \ »n

35 . - 35
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
€= €=1

inflaton-gauge coupling Mp; /f=35,34,33,32,31

H. = 6.4 x 10GeV
fulasars = 0.00346Hz and f.|,,,,, = 0.00390 Hz

horizontallines: for small slow-roll parameters (¢—7) < (.1 the answer is independent of spectral tilt of
signal, so independent of slow-roll parameters

LISA cannot probe any hubble rate smaller than ~ O(10 *)H..
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40
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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 — n) = 0.02 (e—n) =0.1

5.5

5.0

401

.
LR nﬁ."'

3. . ; . : 3. : ; . :
b0 02 0.4 06 0.8 10 30 02 04 06 08 1.0

H.= 6.4 x 1013GeV H/H, 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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particularinflationary models

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

chaotic (p=1): V(¢)=Vpe’ - =~/4,
Starobinsky (p=2): V(@) = Vo(1 —e?)? - B=1/(2v?)

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

CMB observables: scalar arnphtudeA , spectral tilt n_, tensor-to-scalar rationr, equilateral
non-gaussianity parameter f_ , level of p-dlstortlon in CMB black body spectrum
j - ¢ 10"

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 ¢’ Chaotic model, spectal tilt n;

CmMB
1.75 excluded 1.75F
from non-observation of
non-gaussianities and
u-distortionsin CMB
E‘ E- 1.704
= =
—8? _8:-, 1.66
r=0.04 1.60 b
ng =0.975
f‘l) o8 0 1 14 : 5‘:3 4 08 08 4] 1 1.4
4 Y
CMB constraints and LISA sensitivity tilt of tensor power spectrum
¥=1.0
excluded by CMB excluded by CMB

constraintsonn np =~ 1.21 (1.20)

constraintson

np ~ 0.8
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Starobinsky-like model, V(@) = Vo(1 = exp(-y¢))* Starobinsky-like mocel. spectal tilt n;

22 ——— 2 — ———
M
3.0
21 cMB 21 - -
excucec 20
't fromnon-observation 2 10
" of non-gaussianities i 1
and p-distortions in 00
€ € 1
3 - &
o 0.98 o
§ 1.8 § 1.8
1.7k 1.7
5 0 0 08 8 1.0 i 0 0 06 8 1.0
¥ ¥
CMB constraints and LISA sensitivity tilt of tensor power spectrum

y=0.5

[+
o0

nr ~3.2 (2.

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

- inflaton ¢ sources gauge field via coupling ¢ F* Fy
- 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} A 1 d -
L= —)\ff)-!ﬁ' - ;U;,c,’}(’)‘”f.‘) -V(g)+P(X,0) X = 00

. > ’
inflaton spectator

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:

tensor power spectrum

scalar power spectrum

I o 1 : "
L= MpR+ ;.00"¢ -V (¢) + P(X,0)

OH? [k \"T
N Bt
Pew (k) =~ M2 (L)

Ps (k) =~

v)

H? (i) |+
~l(."[}'),l. A’.

1 A i ng’—1
327.’('_:': ;'”ll,! k.,

X = jd,00'c
8 H ( k )”'r"'
T m———r |
R | 1 .
15:1(‘4 "urf'f nlu,
n-:;-'] —4e - 38
n - 1 1
= ,”r‘. = ()
e=-H/H?
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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:

[} R 1 : -
= 3;\!,‘).!11’ - ;Uﬂ(:}(')“(:) -V(g)+P(X,0) X = you00t0
(v)
tensor power spectrum oOH2 [ k\™
Fow (k) ~ —= +
.h';,! A‘_ \
H-EFI = —4¢e - 3s
induced by the
presence of the ng =1=—de~Ts
spectator field smé/He, 0
; ¢=-H/H?
‘ 2/ =1
scalar power spectrum _ HY kX3
G ()= ——r = -
-l(;‘[f,! 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:

X = jd,00lc

]2 T 1 : :
L= Sx\ff-:f? -+ SU;N»"U”C" -V (¢)+P(X,0)

tensor power spectrum

. “I —4¢e - 38
induced by the
presence of the ny —1=—de-T7s
spectator field T T
(v) ¢=—-H/H?
: -1

scalar power spectrum _ H? k\"s /
~l(;'l[i',! K 3

_‘lf.Tl

amplitude of sourced
scalar contribution
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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:

] T 1 : :
C = 3.‘!1-!!1? + 3(.);1(.'?(')”1':3 — ‘ ('.')) + I)(,\ .(T) X = {c”;.""w”
tensor power spectrum oH? [ k\™ 8 BY (R\*
Pow (k) =~ 2 \ % xS MY \ &
d Pl - )ul’ﬂ M 5y -
n-:;-” —4e - 38
n 1 be =T
s= & /He, #0
= o ¢e=-H/H?
scalar power spectrum Ps (k) = B (kX" L HE (BNt
ST SeBEE \ K, 32mc] M3, \ k.

for ¢ sufficiently small and s<0 with
Iargéabsolute value, there is an
enhancement of GW amplitude on small
scales, in principle detectable by LISA
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present-time GW spectral energy density

k2 31 (k7o)

. e o o /N o n /B
h'!?(:\l.'(k.mlz—1]—]&;1};\\'(1\-)1 (k,70) T(km) S \Illl 1..{!(“) _,n(k)

g

12a5

0.6F

0.5
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present-time GW spectral energy density

5 k2 i i,
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12a5H 5
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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-reparametrisations are 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
smallerscales (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-reparametrisations are normally preserved

breaking space-reparametrisation, inflationary tensor 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 graviton mass =0
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i ;‘{2, . P . 5 2 t ‘ 9 5
S = % /rh‘ J';.ru'{(i) n(t) |hj; — : r.(J ) (Ughu)') — my(t) hj

1]
O

(

or # 1

9
m: <0

n h

'h -

consider pure desitter H = const. and cr, ™k constants, setting n = 1

for small graviton mass |mx/H| < 1

H? k™
p; — T, T T —_ nr =
" MR S (A) :

-
=
-t

Ll

[
g
L=

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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consider pure desitter H = const. and cr, ™k constants, setting n = 1

for small graviton mass |mx/H| < 1
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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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lowering the energy scale of inflation allows
10-10- to probe higher values of the effective mass
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effect of mass:
enhancement of power on small scales
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LIGO/VIRGO cannot probe it
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my/H=H for cr=1
1% 10"

cr=H for ny=0.3
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choosing nr = 0.3(in the range of LISA possibilities),
see that LISA ASM5 can be sensitive to energy
scales of inflation around 10'2Gev
a higher value of spectral tilt, or a tensor sound
speed lower than the speed of light, would allow to
reach lower inflationary energy scales
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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

- 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

primordial black holes (PBHs)

- 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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hybrid inflation models end inflation when a symmetry
breaking field y triggers a quantum phase transition while
the inflaton field ¢ is still in slow-roll

- initially, inflation takes place along the valley y=0
- below the critical value ¢ , this potential develops a tachyonic instability, forcing
the field trajectories to reach one of the global minima,at ¢ =0, v =+v

in hybrid inflation models with long-lasting waterfall regimes, large and broad peaks
may arise in the matter power spectrum (through exponential expansion of
topological defects formed at the phase transition)
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Qe () 2n? 2p2fy = L drew  GW background from inspariling BH obtained
GW\J ) = S8 . e\ - 3 . . .
3H re dInf  form GW emission of binary systems
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- 1 dpew ; ‘1 L
Qaw () = = FRI(f) = — S2OW GW background from inspariling BH obtained

3H§ pe dInf  form GW emission of binary systems
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1 dpcw  GW background from inspariling BH obtained

3H

Qew(f) = = f2h3(f) = —
0

re dInf  form GW emission of binary systems

assume a fixed merger rate of
50 events per year and Gpc

10°*
107"
the amplitude depends on mass distribution of PBHs, ';‘ 1ot fAIMI R
mainly through the mean and the width of the distribution
10714
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i : meee: \ Ha Mo) 7

stochastic GW bckgd from inspariling PBHs after recombination
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stochastic GW bckgd from inspariling PBHs after recombination
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- 2-72 e rr 1 "fl’(:\\'
YW —_ —_— "I' =
Qawl(f) SH? Tehe(f) . dhj
5l this particular GWB from inspiraling PBHs,
with »r = 2/3.can be detectable by LISAin a
very wide range of parameters of the model
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Earth | % 10" m
- ,

LISA will survey for first time the low-frequency
GW band s ~ (10-*-0.1) Hz with sufficient sensitivity to
detect individual astrophysical sources out to z=15

Sun

scientific goals:

3x107"®-3x 10710
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Earth 1 % 10" m
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LISA will survey for first time the low-frequency
GW band s ~ (10-*-0.1) Hz with sufficient sensitivity to
detect individual astrophysical sources out to z=15

\ Sun

scientific goals:

3x107"®-3x 10710

LISA will be able to detect the stochastic GW background produced by strong first-order
cosmological phase transitions, testing scenarios beyond the standard model of particle physics

arXov:i512.06279

LISA, using standard sirens, has the potential to provide a complementary and calibration-free
way to test the expansion of the universe (and in particular H ) with entirely different
systematics than present probes (e.g. SNla), which rely on electromagnetic observations only

arXivaborornz
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® particle production during inflation:
amplification of vacuum fluctuations of gauge field which source GWs of parity-violating and
highly non-gaussian nature (smoking gun of this mechanism)

= inflationary spectator fields during inflation:

the spectrum is blue tilted & LISA can provide constraints complementary to those by current
CMB

" space-reparametrisationis spontaneously broken during inflation
GW spectrum with a blue tilt, enhanced and detectable at LISA frequency scales

* models of inflation (e.g., mild-waterfall hybrid model) with large peaks in the matter power
spectrum
stochastic background of GW, generated by mergers of PBHs, detectable by LISA
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LISA will be able to
= test the latest stages of the inflationary period

= probe the couplings of the inflaton to other d.o.f., or simply the
presence of extra fields besides the inflaton

= probe the degree of violation of the inflationary consistency relation
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