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Oscillations in P, (k) give corresponding modulations in! 4, (k).

This talk Explain how properties of the oscillationB:i(k)
determine the characteristics of the modulations,iik)
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Oscillations in P, (k) give corresponding modulations in! 4, (k).

This talk Focus on scalar-induced contributions to the stochastic
gravitational wave background (SGWB) sourced in the
post-inf3ationary era

InRationary-era GWs —— Spyros SypsasO talk
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Potentially detectable in the upcoming generation of GW observatories
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Here: examples for an inf3ation model with a strong sharp turn in the
Inf3ationary trajectoryiraima et al. 2004.0610ffumagalli, Renaux-Petal, 2012.02761]

N: = time of the sharp turn in numbers of e-folds after horizon exit
of CMB modes



Outline

|. InRation and small-scale features

ll. Scalar-induced GWs

sharp feature

resonant feature

lll. Detecting small-scale features
with GWs
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Inf3ation and small-scale features
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Inf3ation and small-scale features
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Inf3ation and small-scale features
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P\ (k)

Inf3ation and small-scale features
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1 Small-scale primordial features:
I departures from single-pPeld slow-roll
' associated with an (oscillatory) featu P, (k)



Primordial Features

[See e.g. review Slosar et al. 1903.09883]

1.) Sharp featurecaused by a OsharpO transition during inRation
(e.g. due to a step in the potential or a sharp turn)

—> k-periodic modulation i, (k)

H_‘I’

P (k) = 5(k)' 1+ Ajn cos ! ink+ "jin



Primordial Features

[See e.g. review Slosar et al. 1903.09883]

1.) Sharp featurecaused by a OsharpO transition during inRation
(e.g. due to a step in the potential or a sharp turn)

—> k-periodic modulation i, (k)

H_‘I’

P (k) = 5(k)' 1+ Ajn cos ! ink+ "jin

Enhancemeraf P compared to featureless model A, " 1
[e.g. explained in Fumagalli, RenauxiB&t&012.02761]



Primordial Features

[See e.g. review Slosar et al. 1903.09883]

1.) Sharp featurecaused by a OsharpO transition during inRation
(e.g. due to a step in the potential or a sharp turn)

—> k-periodic modulation i, (k)

H_‘I’

P (k) = 5(k)' 1+ Ajn cos ! ink+ "jin

2.) Resonant featurecaused by some components of the
background oscillating with a frequency larger than the
Hubble scale (as e.g. in monodromy inf3ation)

— log(k)-periodic modulation i, (k)
I:)! (k) = ﬁ(k) 1+ AIog !Io (f) + " log

T



Primordial Features

[See e.g. review Slosar et al. 1903.09883]

1.) Sharp featurecaused by a OsharpO transition during inRation
(e.g. due to a step in the potential or a sharp turn)

—> k-periodic modulation i, (k)

H_‘I’

P (k) = ﬁ(k)' 1+ Ajin cos ! ink+ "jin

2.) Resonant featurecaused by some components of the
background oscillating with a frequency larger than the
Hubble scale (as e.g. in monodromy inf3ation)

— log(k)-periodic modulation i, (k)
I:)! (k) = ﬁ(k) 1+ AIog !Io (f) + " log

T

+ Combinations Of the TWQChen, Namjoo 2014; Chen, Namjoo, Wang 2015]



Scalar-induced GWs

Scalar Buctuations *\ . : .
source GWSs at >= — =<>=
2nd order: ¢ L ht (I")? :

[Acquaviva et al. 2002; Mollerach, Harari, Matarrese 2003; Ananda, Clarkson, Wands 2006; Baumann et al.

Energy density pelog(k) -interval pbst-inl2ationar\GWSs:

Poo1 'y =
. !

I aw (k) = CgI r.0 dd ds Trp (d,S) P, —Sk(S+ d) P,

1 2
0 45

Here consider standard cosmological history with post inf3atione
era GWSs sourced during epoch of radiation domination.

How does an oscillations ia (k) manifest itself igw (k) ?



Scalar-induced GWs

How does an oscillations I (k) manifest itself igw (k) ?

Consider a single narrow pealifk)
4 P, (k)
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Scalar-induced GWs

Strategy 1 Model the oscillation as a series of peaks:
[Fumagalli, Renaux-Pdidl, 2012.02761]
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Find a superposition of resonance peakswk) at:

— —(k*i + k*j) ; with kmax,ij > ‘k*z' — k*j‘ [Cai et al. 1901.10152]

kmax,ij — \/g

Allows for successful prediction of the location of maximayi(k)

due to both asharpand aresonant feature [gg&aggﬂgﬁenaux-%w’2012-02761,



Scalar-induced GWs

Strategy 1 Model the oscillation as a series of peaks:
[Fumagalli, Renaux-Pdidl, 2012.02761]

4 Pi(k) . ﬁ : 4! 6w (k) Cip
ﬁ N ﬂ ?v“‘e\ :\
- k EEEELL
k! i kmax,ij
Find a superposition of resonance peakswk) at:
1
kmax.ii = ﬁ(kﬂ + kyj), Wwith Kmax.ij > |kxi — Kxj| [Caietal. 1901.10152]

Sharp feature: Wiin - 1OV = 31y,



Scalar-induced GWs

Strategy 1| Separate smooth and oscillatory pieces:
[Fumagalli, Renaux-Pdiél,2105.06481]

sharp / resonant feature®, (k) = P(k) (1 + Acos (...))

L

' ew ! P? ! Qaw(k) = Qaw,o(k) + AQaw,1 (k) +£iQGW,2(k)

with  Qawo(k) ~ [P

S . g
I ew 1(k) ! P (k)cos ...

Qe (k) ~ //fQ(k) cos? (..)



Scalar-induced GWs

Strategy 1| Separate smooth and oscillatory pieces:
[Fumagalli, Renaux-Pdiél,2105.06481]

-

resonant feature: P, (k)= P(k) 1+ Alog COS ! og 10g(K/K ref) + " log

HONIEE ORI

Gw ! P ! Qcew (k) = Qaw,o(k) + Alog Qaw,1 (k) + Alog Qcw 2(k)

Particularly powerful for aesonant featuravhere the oscillatory
part can be calculated semi-analytically (for sufpciently brgad

l— compute numerically onc:ﬂ

! GW,l(k) = | GW O(k)AIog 1(' Iog) COS( log |Og(k/k ref) + " Iog,l(! Iog))

Qaw,2(k) = Qaw,o0(k) Alog,2(Wiog) cos (2wlog log(k /kret) + 9010g,2(w10g))



GWs from a sharp feature

Consider explicit realisation off@arp featuran terms of asharp turn

In the Inf3ationary trajectory in multi-Peld inf3ation:

[Palma et al. 2004.06106]
[Fumagalli, Renaux-Pdiél,2012.02761]

S = | d*xv/—g _%GIJ(¢K)8,LL¢I8M¢J —V(GbI)“

The turn Is described by three parameters:
0 : duration of turn in e-folds T) | :dimensionless rate of turni

kf . scale that leaves horizon during time of turn

— cf. Matteo BragliaOs talk for a different model with sharp & res. fea



GWs from a sharp feature

Consider explicit realisation off@arp featuran terms of asharp turn

In the Inf3ationary trajectory in multi-Peld inf3ation:

[Palma et al. 2004.06106]
[Fumagalli, Renaux-Pdiél,2012.02761]

Amplibed part of the power spectrum:
. Uika 2/ C2niki—k)kE [ (Zk ( k ))
Pc(k) — 73()4(27”]Cf Rk e (1 COS e + arctan \/(277ka 0

Envelope with an Rapld order one 2

Yy

exponentially enhanced peak sinusoidal modulations’™® ~ ki




GWs from a sharp feature

Consider explicit realisation off@arp featuran terms of asharp turn

In the Inf3ationary trajectory in multi-Peld inf3ation:

[Palma et al. 2004.06106]
[Fumagalli, Renaux-Pdiél,2012.02761]

Amplibed part of the power spectrum:
. Uika 2/ C2niki—k)kE [ (Zk ( k ))
Pc(k) — 73()4(27”]Cf Rk e (1 COS e + arctan \/(277ka 0

Envelope with an Rapld order one 2

Yy

exponentially enhanced peak sinusoidal modulations’™® ~ ki

This takes indeed the form of a sharp feature:

H_‘I’

P (k) = 3(k)' 1+ Ajn cos ! ink+ i



GWs from a sharp feature

Consider two example modelsandll) and compute the

corresponding (post-inf3ationary contribution to the) GW spectrun
[Fumagalli, Renaux-Pdidl,2012.02761]
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GWs from a sharp feature

Consider two example modelsandll) and compute the

corresponding (post-inf3ationary contribution to the) GW spectrun
[Fumagalli, Renaux-Pdidl,2012.02761]

Qaw (k). smoothed GW spectrum

Have sinusoidal oscillationQirv (k) over the principal peal
[see also Braglia, Chen, Hazra 2012.05821]



GWs from a sharp feature

S ) H
P, (k) = P(k) 1+ Ajj, cos ! nk+ "
[Fumagalli, Renaux-Pdi&l,2012.02761]
\/ \ \/
ng(k) = QG (1 + A}, Ccos (wﬁrvlvk -+ Splin))
— Overall shape determined by envelope of power spectrum
= Periodic structure in K — Periodic structure in k
—  Averaging-out effect: at best;, ! 10% even wifkj, =1

Alin also decreases alsiin kpeak IS increased for bk)



GW:s from a resonant feature

Pi (k)= P(k) 1+ Alog COS ! 1og I0g(K/K ref) + " 10g
1 t ot
[Fumagalli, Renaux-Pdil,2012.02761
Fumagalli, Renaux-Pdfl,2105.06481]
v v v )
' cw (K) — Low (K) 1+ Ajgg.1 C log Iog(k ref) ¥ "log.1
11 ) ﬁ

Overall shape determined by envelope of power spectrum

— Find a more complicated periodic structure in log(k)

Aiog.1/2 decreases as oy IS increased, but not equally fast E



GWSs from a resonant feature

Wlog
low 1! cos( og l0g(K/K ref)) 'ow . 2! €0S(2 jog l0g(K/K ref))




GW:s from a resonant feature

MAAAAAAAANANAAN

JYVYVYVYVYVYVYVY
"A "A "A "A "A A'A "A "A
VoV

Wlog,c ~ 4.77

AAAAAAAA

VAVAVAVEAVEVEAVAV



GW:s from a resonant feature

seiesor_\NAANANAAANAAANN

S AT ATA TRV TRV ATATRVRTATATATAY

e\ (Lo NG N
= TV

s [ AADADD |

pesie VAVAVAVEAVEVEAVAV



Detecting small-scale features

Depending on the time of the feature / the scale of maximal enhanceme
of Qaw(k) the GW spectrum can peak across the whole frequency ranc
to be probed by upcoming GW experiments:

h?! gw
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N: = time of feature (~ max. enhancement) in numbers of e-folds
after horizon exit of CMB modes



Detecting small-scale features

Oscillation dete.ctab|e? '1 (9‘1’5’ T\F/Isl LISA sensitivity curves, SNRhoid = 1, Tops = 3 Years
Can get a brst idea by | —— Model | |
comparing with the : LISA PLIS

{ ——— LISA binned PLIS, bin sizdog ,,(f/ Hz) = 0.03

power-law-integrated .
10 =+

sensitivity (PLIS) curves:
[Thrane, Romano 1310.5300]

.
LISA PLIS 5 0.

——— LISA binned PLIST i
[Caprini et al. 1906.09244] :

— Mauro PieroniOs talk ;g .
Oscillations appear resolvz '

with LISA if the overall I \
magnitude of! gw (k) IS 10 M 4
sufpbciently high. £ Uy

DebPnite answer requires dedicated analysis, to see if 10% modulations ca
resolved.



Detecting small-scale features

Oscillation dete.ctab|e? '1 (9\1,3 W\F/Isl LISA sensitivity curves, SNRhoid = 1, Tops = 3 Years
Can get a brst idea by | —— Model | |
comparing with the : LISA PLIS

{ ——— LISA binned PLIS, bin sizdog ,,(f/ Hz) = 0.03

power-law-integrated .
10 =+

sensitivity (PLIS) curves:
[Thrane, Romano 1310.5300]

.
LISA PLIS 5 0.

——— LISA binned PLIST i
[Caprini et al. 1906.09244] :

— Mauro PieroniOs talk ;g .
Oscillations appear resolvable

with LISA if the overall I \
magnitude of! gw (k) IS 10 M 4
sufpbciently high. £ Uy

Constraints on enhancements from iIf excessivereactiorand loss of
perturbative controlare to be avoided[addressed in Fumagalli, Renaux-Pé{e2012.02761]



Summary

MM . “ - . .

k/kref k/kref
Oscillations in P, (k) give corresponding modulations in! 4, (k).

Sharp feature: ' lin > | IV = 3 i

Resonant feature: ! log > Wiy = Wiog, 2Wlog



Summary

Sharp feature

Qaw (k) =  Qaw (1 + Ajin cos (wiip k + sﬁlin))
Resonant feature

— ' 1
' ow (K) — low (K) 1+ Ajog,1COS ! og lOg(k/K ref) + " 10g,1

#5

+ Alog,2 COS 2! og l0g(K/K ref) + " 10g,2
» Demonstrated how parameters in the above templates fafw
depend on the parameters Ip,

» For a resonant feature have precisemi-analytic expressiofar
Ag 12 »' 10g,172 fOr suitably broadP

» Above templatesalid in generg(i.e. for both broad & narrow peaks IR



Open questions & further work

» So far only considered scalar-induced GWs produced during post-
InBationary era. Also consider(sation-era contribution

— Does this affect the oscillatory part2=— Spyros SypsasO talk

» To what extent can ~10%-modulationsinsw (k)  be reconstructed
from GW observatory data?

— Performdedicated analysis

» Study explicit inf3ation models with features:

— (Can assess constraints on the amplibcation of scalar 3uctuations
from backreactiorandperturbativitybounds.

» So far examined how the scalar power spectrum affects the GW spectrt

— |nvert analysis and study to what extent thealar power spectrum
can be reconstructedfrom GW data.
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Many thanks for listening!



Extra Slides



PBH abundance

PBH mass functionf (m) for a sharp feature model
[Fumagalli, Renaux-Petel, Ronay€2004.08369]

k (Mpc™1)
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107 - 1o 11 P Scalar power

. ran\ o || spectrum with
I 1 n oscillations
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MPBH/MQ
10! 5 wo

]\Iff Nfl—l—l Nfl—l— Np ‘
Here: computeg (M) assuming the Buctuations obey Gaussian statis

Oscillations washed out fMM) as a result of smoothing and the
Integration over the formation time.



Backreaction & perturbative control

Large enhancement of [3uctuations can indetceng backreaction on
background dynamics or lead toss of perturbative control .

May not be fatal for the mechanism, but needs to be taken into accou
and will certainly affect the phenomenology of results.

For the sharp turn model:

' ' 9
No excessive backreaction: 1tet 1 10t 18 ,
0)
| 11
. . 4 2'" . 10" 9
Perturbative control: et 110 =
0

The perturbativity bound is more stringent, but a more rigorous
computation than this estimate Is required.



Resonant feature examples

(gw/Tgw)! 1




Bun

Ch(T) = G

Sharp features

ch-Davies Sharp feature

P(r)a(k) + h.c.(—k)

Nt I log(ks)



Sharp features

Bunch-Davies Sharp feature Excited state

Nt ! log(ks)



Sharp features

Bunch-Davies Sharp feature Excited state

Gi(r) = GEP (1)) + (k) —b=> Gu(r) = [an (BO()+ A1 GEEP() (k)

+ h.c.(—k)
| 3\ —1/2 , ' E L 2 no |12 —
BD (7 _ (%) pl/2e=ikT(1 | jg7) i quantisation: Tkle! ["klc=1
(s -
H 2 : matching:
"% e '

Nt ! log(ks)




Sharp features

Why peaks irP, (k) and osclillations go together (for sharp featu

2
Pe(k) ~ 7>0<k>|ak\2(1 Bl o IBel (%)) LRt P = 1

g |2 || ke



Sharp features

Why peaks irP, (k) and osclillations go together (for sharp featu

2
Pe(k) ~ Po(k)|ozk\2(1 + B + 2@ COS <%)> ! k|2 L]" k|2 =1

joar|? o ki

Want a boosted Quantisation
power spectrum: condition implies:
P (k) ! Po(k) | B |
= ' k| >1 |ou|

> 1

A peak inP: (k) Have order one
and oscillations oscillations In
go together P (k)




