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ITepiAndm

O x00u0hoYES BLUTaRUYES TTOL YEVVIOUVTAL OTA TEAELTOLY OTABL TOU AT
YOPLOUOY %ot OVTIOTOLYOUY OE UiXEEC XAIUAXES BEV AMOTUTVOVTAL OTNY XO-
oY) uxpoxupater axtvoBoiio utofdipou, ahhd umopel vou efvan Wwiadtepng
onuaoctiog av o uéyedog toug etvan yeydro. Mo ueydhn adnon touv gdouatog
TV apyEyovewy BaduwTtdv SlxUUdVoEwy UTopel vor TUpOBOTACEL TN BapuTix
XATHPPEUCT) Ko T1) ONULOURY LN AEYEYOVWY UENAVOY OTWY xa®¢ xaL EVOC UTo-
Bdipou oToyacTIXWY BapuTin®Y xUPdTLY TTou eivon Tavoy TapATNEHCWN ATtd
oyedlouéva ueAovTind tepdpata. O Boaoixde otdyog Tng Tapoloas dduxTo-
euic STpdric elvon 1 600 TO BuVATOV TO YEVIXT| Xon OVEEHETN T LOVTEAOU
OVIAUCT) TOV YORUXTNELO TIXGY TOU TANUWELOTIXOU SUVOULXO) TOU TEOXAUAOUY
ONUOVTIXT EVIOYUOT| XL TUAXVTOOELS GTO PACUL DLOUTUPAY Y KUUTUAGTNTOG.

210 xe@diano 2 yiveton BiBAoYpapIxT| avaoxOTNon TV Pacix®y cTolyelwy
¢ 00YYPOVNG XOOUOAOY (G Xt TOU TANIWELOUOU. DUYXEXQUIEVY OTNY EVOTN-
o 2.1 yiveton avagpopd otn yetey| Friedman-Robertson-Walker (FRW) rtou
TEPLYPAPEL VAl OUOLOYEVES XA LGOTEOTO LUUTAY xodm¢ xou oTiC e€lowoelg Frie-
dmann, mou SLETOLY TN BUVOULXY| TOU EV AOY® MOUTOVTOC. MTNV evotnto 2.2
ELOGYOUPE TNY EVVOLA TOL TANUWELOUOU Xl TEPLYPAPOUNE T1) DUVOULXT| TTOU DLETEL
T 7o amAd TANUwELo T TepdTUTA, Tot ontota TEpLAoPBdvouy Eva BodunmTd Tedio
oc eAdylotn oLleudn e t Bapltnto. Emlong meprypdgouye Ty mpocéyyion
oY Mg xONoNg, 1 omolo umopel Vo eQapuocTEL OTA TEPIGCOTEPA UTHEY OVTOL TAT-
YoploTind Yovtéha xou amhonotel onuavtixd Tic e€lowoelg xivnone. o Adyouc
TANEOTNTOG, TNV EVOTNTA 2.3 YIVETOL Xou Lo GUVTOUY) TIEQLYPUPT| TNG TERLODOU
avadépuavong Tou MOUTavToq.

210 xedhao 3 yivetan mapousioot Tng xoouoloyixig Yewplag dlatapay v
xou TV Paoix®dy evvolny Tou yeeidlovial ot oxolouta xe@diono. EEXIVAUE
UE TNV TEPypopy] TwV Slatapoy @y T peteixnc (evotnta 3.1), ot omoleg dio-
xptvovton o€ PodumTéc, SlavuoUaTIXES Xou TavYUo TixéC dlatapayéc. Eotidlovtag
otoug Baduntolg Baduole eheudepiog, BAénouue g autol petacynuotiCovta
%8t and petaoynuatiopols Baduiduc (cuvtetayuévev) xou TopaléToude opt-
opéves Yvwotéc PBaduidec. Xtn ouvéyew (evotnta 3.2) yiveton avdluon twy
OLOLTAPOY Y TOU TUVUGTY| EVERYELIC-OPUNC YPNOWOTOLWVTS EVVOLES PEUG TODU-
Vo ot apouctdlovton Bactxéc EVVoleg, OTWS aUTY TV AdLBUTIXGY XoL
TWY EVIPOTIXWDVY DLOTARUY OV XoIOC, Xl YEHoWA UEYEDTN OTWC 1) GUYXVOUUEVT
OLOTAPOY 1) XOUTUAGTNTAS. LTV EVOTNTA 3.3 Jewpolue OTL 1 x0pL GUVELGPORS
OTNV EVEPYELL TOU LUUTAVTOG TRoEpyeTal antd To TANYwEIoTd Tedio xan pe-
Aetde TNV EEMEN TV BLOMUUAVOE®DY TOV, 1) omofo SLETETOL amd TNV e€lowar
Mukhanov-Sasaki. I'tvetar enlong avagopd otnv xPdviworn tou TAndweioTi-
xoU Tediou xou oTo xevo Bunch-Davies, xodoe xon otny évvola Tou @douatog
OLUTAUPOUY OV XUPUTLVAOTNTAS ToU amoTterel To Poaoixd und Yehétn ueyedog otny



TopoVG dLaTELRT.

210 xe@dhono 4, 6To onofo Eexvd To EGEUVNTIXG XOUPATL TN DlaTEBY|C, Yive-
ToL UEAETT) TV YORUXTNELO TIXMY TOU BUVAULIXOU Tou TANU0ELoTIX0L Tediou o
TANYELo TIXd TEOTUTIOL UE €val TEdio Tou UTopolY Vo 081YHOOUY GE CTUAVTIXT
evioyuon tou @dopatog dutapoywmy xoumuhotnTag. To yapaxtneloTind autd
elvon o onueta xaumhg, Tou £youv uehetniel eupéwe oTo ToEEAIGY, xon Tar oXa-
AOTIATLOL OTO BUVOUIXG, GTOL OTtola BVOUNE UEYOADTERT EUpacT) XodKS BEV €ouv
uehetniel Wiadtepo oto MAaiclo Tou yog evolagépel. Ot e€lo®oEC TV Bloxu-
udvoewv etvor BoAxd vor Ypopolv YenoHIOTOWMVTAS TOV aptdud TV eXVETIXOY
oavadmAwoewY N wg aveldptntn UEToBANTY, TEdyUd Tou YIVETOL 0T EVOTNTA
4.1. H mocédtnra mou ebvan xadoploTixd yia TNV evioyuom TV SLaXUUAVOEWY
xopmuAdTNToC elvan 0 6pog Tene f(N) otny eiowon (4.20) tou opileton and
™ oyéon (4.25). T évo oxohomdtt 6To BuvoIxd, ToEORO TOU AUTOC O 6POC
ebvon VeTnOC xoTd TN BIdEXELL TOU TEMOTOU PEEOUS TNG UETABACTC O UELWVEL
N Oatapory ), YiveTon apvnTindg xawe 1o medio mpooeyyilel Tn delteRT MEDL-
&da opYHS XOMOTG X ETOPEVKS UTOREL Var 00Ny oL O PEYAAN adENom, 6K
BAénoupe otny evotnta 4.2. Tapatnpolue enlong otL 1 v Adyw evioyuon au-
EdveTon OTOY TO OXAAOTIATL Elvar Tio amdTOUO, XK entiong xon 6Ty auEdveTon
0 apLIUOC TWV OXAAOTIUTIOY GTO BUVAUIXG. LNV TEQIMTWON TWV OXAAOTUTIOV
Topatneeitar eniong xou 1 EUPAVIOT) THAAVTWOOEWY 0To Qdoua, o aviieon ue
NV TEPIMTWOT TV ONUElWY XouTAS, 6TOU TO TEOXUTTOV Qdoud elvon ouard. [
TNV AVEAUCT] TWV YARUXTNPIC TIXGY TIOU UVUPEQUUE YENOWOTOLOVUE EVOL UTAO-
Tomuévo duvaixd (uroevotnto 4.2.1). Xtnv unoevdtnra 4.2.2 divoupe BELoo
2o €VaL GUYXEXPUIEVO TORADELY O BUVOIXOD UE OXoAOTIdTI TToU Efvan cuPBatd
X0l UE TOL TORUTNENOLAXE OEOOUEVAL.

To xepdhono 5 ebvar aPEEWUEVO GTOV AVaAUTIXG UTOAOYLOUO TOU PACUATOG
OLOLTAPAY OV XUUTVAOTNTOGC PECL BVO0 BLUPORETIXMY TEOCEYYIC XMV UEVOOWY
OE TEPITTWOELS OOV 1) TEOGEYYIOT dEY NS XVAONG TapaBLdletar EvVTova, 0TS
OTOY UTLpY 0LV OXOAOTIATIAL GTO BUVAUXS. Xty evotnta 5.1 mpooeyyilouue Ty
e€EMEN e ouvdptnone f(IV) péow mahucy otadepo Uhoug xau ypnoiuonoto-
VUE xoTdAANAES cUVDNXES CLUVEYELNG OTNY dEY N XaL 6TO TEAOG e “Tahuol’
TEOXEWEVOL Vo €YoUpE Uiol TAAEN Abon e (5.1). Mdhiota, mTohkd yapoxtnpl-
oTxd oV EUPoVIlOVTOL OTU QPACUTA TOU TEOXVUTITOLY Amd AUTHY TN dLadixacio
UTOEOVY Vo YivouV xatavonTd o€ €val ToAL anAolc Tepo Thaiolo, dTwe BAénouue
oTNV LToEVOTNTA 5.1.2, 6Tou YeleTdTon 1) enidpaoT eVOC Aol ot éva eelie-
PO VP oYVOWVTAS TN BlaoToAr) Tou Luumavtog. [N mapddetyyo oto Thalolo
ouTO oabveton Eexddopa 1) TEOEAEUCT] TOV TUAAVTOOEWY TOU TAGTOUS TWV OLo-
TOUPOLY WV XUUTUAOTNTAC.  DUYXEXPWEVA aUTEC eupavi{ovTon ETEWST O TUAUOS
TEOXUAEL ANy 0T OYETWXH PACT UETOEY TOU TEOYHUTIXOU XAl TOU (QoVTa-
oTxol Pépouc. XTic umoevotnte 5.1.3 xan 5.1.4 e€dyovtan Sudpopes yeNoWEeS
VARV TIXEG EXPEACELS OL OTIO{EC TEOOEYYILOUV IXUVOTIONTIXG TOGO T1) UEYIOTY O-



UENCT TOU PACUATOS GGO X0 TIC CLUYVOTNTES TWY ELPUVILOUEVLY TUAAVTWOERY,
OTWC QaiVETOL XL GTOL TUEOBEYHATA TV QPACUATWY TOU TUEOLGLALOVTOL GTNV
umoevotnta 5.1.5. Enlong uio Eexddapn mpooeyyio s avalutixny| €xpeoot yio
TO (PACUAL DLUTAROLY WV XAUTUAOTNTOS TOU TPOXVUTTEL ATO VA OXANOTATL GTO Du-
Voixo, 1 omola efvon opxetd atomo TN YORW Amb TNV X0pUPT| TOU QACUATOC,
otveton oTny LToEVOTNTA 5.1.6, eV oTNY uToEVHTNTA 5.1.7 abveTon 1 EVIGYLUTIXY
en{OpaoT) TOAATAGY TOUAUGY OTO QACUL.

Yy evotnta 5.2 e€dyovTon ovaAUTIXES EXPEUOELS Yol TO QYA OLOTOEO-
YOV XOUTUAOTNTAC TOU TEOXUTTEL oy Yewprioouue Wior auolpeTr cuVAETNO
e f(NV). Buyxexpwéva oty vnoevotnta 5.2.1 yetatpénovpe v e&iow-
on (5.1) oe pla ohoxinewtxy| e&icwon (5.36) YENOWOTOWWVTUS CUVAPTACELS
Green. Mia npoceyylotiny éxgpaon, mou unopel va Yewpniel wg éva mpwTo
Bruor yro pla emovaknmuin enthuon outhe tne elowong ebvan 1 (5.45), n o-
mola, TUPOAO TOL Efvor EYXUET UOVO YIAL TEQITTWOELS OTIOU BEV €Y OUUE UEY AN
evioyuon Tou @dopatog, unopel vo TEOPBAEPEL TIC TEOXUTTOUCES TAAAVTHOOELS
Yo Tuyaior ouvdetnon f(N). Eniong oty urtoevotnta 5.2.2 pyetatpénouvye tny
e€iowon (5.1) o éva aloTNUa Slapopny eEloMoEnY TeGTNS T8ENe (eZiowon
(5.51) ) xou Bivoupe wa Tpooeyylo T Aon Tou cucTiuatoc (oyéoec (5.53)
xou (5.54) ), n omola Siver piot xohf) TEOGEYYION TN UEYIOTNS TIWAS TOL Qaoa-
TOC X0l TV YOQUXTNELO TIXWY CUYVOTATMY UXOUA XAl YLl TEQLTTWOELS EVioyuoTg
TOU QPACUATOS XATA TEEW TALES PEYEDOUC, OTIWC AVAPEPETOL OTO TopdpTNnUa A.

Y10 xe@dhono 6 yIVETOL XATUOXEUT) CUYHEXQPUEVWY TANYWEICTIXDY TEO-
UKV 010 Thaiolo Twv a-attractors to onola mepthauBdvouy oxolomdTIa 1 KoL
onuela xoumAc oto TANWEIoTIXG BUVAUIXG Xt TEOBAETOUV TN OUAVTIXY| On-
HtoupY ol dEyEYOVOLY HEAAVEDY 0TV Xl TNV TR WYY| BEUTEQOYEVOY PaouTIXGY
XUPATOY TV UToEl TPOCEY WS VoL avty veutolv. M eloaywyr| oTo LOVTERA TV
a-attractors yivetoaw otny evétnta 6.1 6mou w¢ agetnelo yenowonoleiton Eva
HovTéro 600 TEdlwY Tou GEPETAL OPLOUEVEC GUUUETOIEC X0 XUTUAYYOUUE OTN
AaryxpavCiavi) (6.5), 6mou to duvouxd xadopileton and tny avduipetn cuvde-
mon F. Y ouvéyeto (unoevotnta 6.1.1) emhéyeton ouyXeXpIUEV Lop®T| YL
TN ouvdptnom F )oTe, UE XATIAANAT ETAOYT] TWV TUPUUETEWY TOU TEQLEYEL,
T0 Suvoixo v TepthouBdvel n oxohomdTia /xon €va onueio xoumhc.  XTnv
evotnTa 6.2 yivetow unoloylonde Tne agioviog TV apYEYOVLY UEAUVMDY OTWY
TOL OTUtoLEYOUVTAL GTA LOVTEAX Tou avapépaue. Bplioxouue 6tt 1 ad&nomn tou
pdopatog eutiog Tng mapousiug oxahomatidy cuviing dev elvan emapxAc yio
TNV TUEAYOYT) ONUXVTIXOU aptduol YEAAVOY OTKY oV To MOUTOY xUpLopyeltan
oo oxtvoPollor 6Tay autég dnuioupyouvTan. 2otdco umopel va ebvan emopxg
av To Lopmay xuplapyeiton and un oyetuactiny UAN. o to tedeutaio udiiota
OEVHPLO TTEOXUTITEL OTL TO PAOUA HOLMOV TOV UEAAVOY OGOV TOU TEOXUTTEL UTO-
UMVEL XEMeC amd To GUYNOIOUEVO oVOYPwUaTiXG TEogik (urtoevotnta 6.2.2).
Emnicov otnv evotnta 6.3 yiveton 1 UEAETN TOU QAOUATOC TWV GTOYACTIXWY



BopuTix®Y ®UUATWY ToU ToEdyovTaL amd To (Bl HOVTEAX. XTNY UTOEVOTNTA
6.3.1 mopatidevton ot Bacég edlotoelg Tou yeetdlovTaL, EVE OTNV UTOEVOTN T
6.3.2 yivovton ot oyetxol apriuntixol utoloyiouol. To Bacixd cuurépaoua Tou
TEOXUTTEL Y10l TOL HOVTEAX oG Elvo OTL TO TOAXVTWTIXO TROQIA GTO PAcUL dla-
TUPOY WV XUUTVAOTNTAUS XANPOVOUEITOL OO TO PAOUN TWV BUQUTIXMY XUUKTWY.

210 xe@drono 7 ylvetar EMEXTACT TG AVAAUOTC TNG EVIOYUOTS TOU QAGHo-
TOG BLATOEAY WV XOUTVAGTNTAS 0 TANYwWEIo XS TEdTUTTY UE BUO TEdio. 2TV
evotnta 7.1 ouvoldiCovton ot Bacixéc e€lowoelc mou oyetiCovton Ye tov TAndo-
eloud amd dVo Tedla, Lexvaviag and auTég Tou TEptypdpouy TNV eEEAET Tou
vroBdipou (unoevétnto 7.1.1). Xtn cuvéyela topatidevtor ot e€loMOOELS TOL B
€mouv TNV eCEMEN TNE BLATAUPOY A XUUTUAGTNTOC KOl TNG EVIPOTUXNE Blartaporyig
xa yivovTon optouéveg amAoToINTIXES UTOVEGELS TROXEWEVOL Vol EG TLICOUYE 0T
Boowxd yopaxtneloTixd mou oyetiCovton pe v evioyuon tou @dopatog (uto-
EVOTI T 7.1.2). Awmotdvetor 6Tt 1 evioyuoTn TWV BLITUQOY DY XUUTUAOTNTAS
xodopiletar amd TNV TopdUETEO apyhc xVMOTG 1, 1) omola etvar Bolxd vo o-
voaulel o pio TopdAANAT xon plar xddetn otny TeoYLd TWV TEBIWY CUVIG TMO.
H evioyvon Aowndv cupfaiver 6tay xdmotor and auTéS TG CUVICTOOES TofpVeL
TON) PEYAAES TWEG o oUvTopa Ypovxd Swothuata. H évtovn e&éhén tng
TOEEAANANG CUVIGTOOUS CUVOEETAL UE TNV UTOEEN OXOMNOTIUTIOV 1 ONuEiwY xa-
UTC 0TO SUVOLXO, TWV OTIolwY 1) avdAuot 6ev aAAdLeL dTav €youlue dUo TEdia.
Avtideta 1 xddetn ouviot®oa Tou N yiveton TOAD PEYEAT xoTd TN SLdpxELd O-
TOTOUWY GTEOPWY GTO YWEO TV TEdiwY ol omoleg e€etdlovial 0Ty EVOTNTA
7.2. Yty unoevotna 7.2.1 emonuadveton OTL Ylol xavovixoUg xvnTixolg 6poug
TV TEd{wY, ToU Elvor 1) TEPITTWOT TOU UEAETANE, 1) MEYLO TN YWVId 0TROPHC elvar
7. 071600 eivon BUVATOV VoL €YOUUE OEXETES DLIBOYIXES OTRPOWES e avTieTa
TEOCTUA, 1) EVIOYLTIXT| ETLOPOT TV OTOlWwY 6TO PAcUa XouTLAGTNTACS Efval TO
Boaowd onueto evdlapépoviog. TNy utoevotnTa 7.2.2 yiveTon TooEY Yo TWwV
OTEOPOY UECK UMDY TEOXEWEVOU VoL UTHEEEL XYATOLOL AVOAUTIXY| XATAVONO)
TWY TOOTIXWY YARUXTNPIO TGOV TNE €CEMENG, EVK 6To TopdeTtnua B mopouot-
GlETon Wi EVUANOXTIXNT OVTYETOTIOT TOU TEOPBAYUAUTOS UE YV \OT) CUVIPTHOEWY
Green. O apudunTindg UTOAOYIOUOC OPLOPEVWY QPACUATMY TOU AVTLOTOLYOUY
oTNV TERIMTOON TV GTEOPGY YIVETUL oTNY uToevdTNTa 7.2.3, 6Tou Peloxouue
OTL TEEIC 1) TEGOEPLC OTROPES GE XATAAANAT Y EOVIXT| AMOC TAUCT UETAEY TOUS UTO-
EOUV VoL TEOXAUAEGOLY aENCT ToU @douaTog xatd €EL 1) @Td Tdéelc peyédouc.
Télog oty evotnta 7.3 yivovton oL UTOAOYIGHOL TTOU APOEOVLY GTNY TUEUY WYY
OTOYAC TGV BOQUTIXDY XUPATWDY XUl AEYEYOVWY UEAAVMY OTWV OTA CEVAPLY
UE OTEOWES o YIVETOL GUYXELON UE TO GEVAPLOL TWV OXANOTIUTLV.

To cupnepdopota Tou e€dyovial and To GOVORO TOU EQELYNTIXOU UEEOUC TNG
oltelPrc, Uepd amd Tor omola NON avopépae, ToEOUGIALOVTUL GTO XEPAANLO
8, omou qatvetan exddopa 1) TEOOTTIXT TOU EAEYYOU BLaPOLKY UTOVECEDY oG
amO MEANOVTIXES TUPAUTNENOELS XOlL TELOGUOLTA.



Abstract

In this thesis we study features of the inflaton potential that can lead
to a strong enhancement of the power spectrum of curvature perturbations.
In single-field inflation, which constitutes the biggest part of this work, we
focus on models with steep step-like features in the potential that result in the
temporary violation of the slow-roll conditions during the inflaton evolution.
These features enhance the power spectrum of the curvature perturbations
by several orders of magnitude at certain scales and also produce prominent
oscillatory patterns. Our analysis regarding the inflationary dynamics is
both analytical and numerical. We describe quantitatively the size of the
enhancement, as well as the profile of the oscillations, which are shaped
by the number and position of the features in the potential. The models
that we use include some simplified potentials, as well as potentials that are
constructed within the framework of a-attractors in supergravity. We also
demonstrate that the induced tensor power spectrum inherits the distinctive
oscillatory profile of the curvature spectrum and is potentially detectable
by near-future space interferometers. In addition, the enhancement of the
power spectrum by several step-like features may trigger the production of a
sizeable number of primordial black holes under suitable conditions.

We also extend our work on the enhancement of the curvature spectrum
during inflation to the two-field case. Our emphasis here is given on sharp
turns in field space, which is a clearly multi-field phenomenon that occurs
when the component of the slow-roll parameter 1 perpendicular to the back-
ground trajectory grows large. Our focus is mainly on the additive effect
of several turns, leading to the resonant growth of the curvature spectrum.
Three or four features in the evolution of n, are sufficient in order to induce
an enhancement of the power spectrum by six or seven orders of magni-
tude, which can lead to the significant production of primordial black holes
and stochastic gravitational waves, in analogy with the case of steps in the
potential.

KEY WORDS: inflation, curvature perturbations, power spectrum,
step-like features, turns in field space, primordial black holes, induced grav-
itational waves
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Chapter 1

Introduction

In the theory of cosmic inflation the cosmological perturbations originate
from the quantum fluctuations of the fields that drive inflation [1-4]. The
CMB anisotropies and the large-scale structure of the Universe offer us a win-
dow to the profile of the spectrum of the primordial perturbations generated
in the early stages of inflation [5]. Perturbations generated during the later
stages (at small scales) are not imprinted on the CMB sky, but they might be
of particular importance if their amplitude is large. A strong enhancement of
the spectrum of primordial scalar perturbations can trigger the gravitational
collapse and the formation of primordial black holes (PBHs), which may sur-
vive until today in significant numbers in order to be detectable [6-9]. This
possibility has been studied in great detail during the last years. (For reviews
with extensive lists of references, see [10-13].) In addition, a web of strong
density perturbations generates a stochastic gravitational wave (GW) back-
ground, potentially observable by operating or designed experiments that
cover different frequency bands, ranging from nanohertz [14-19] to milihertz
and decihertz [20-26], and up to 10% hertz [27,28]. Thus, the detection
prospects of induced GWs open a new window to probe the inflationary
dynamics at small scales, for which cosmic microwave background (CMB)
observables lack sensitivity.

A primordial scalar spectrum with a strong enhancement can be real-
ized in various setups that may be related to single [29-35] or multi-field
inflation [36-45]. Some of these setups include inflationary potentials that
contain a near-inflection point [46-63] or a step-like change [64-68], modi-
fied gravity [69-74], curvaton models [75-78], sound speed modulation and
parametric resonance [79-85]. It is very interesting that the enhancement
profiles produced by these inflationary models may be distinguishable. Dif-
ferent inflationary realizations yield power spectra with a wide or narrow
peak, oscillations or a multi-peak structure.
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In this thesis we focus on power spectra that display, apart from a sig-
nificant enhancement, oscillatory patterns that are distinctive and possibly
detectable, indicating sharp features in the inflaton potential. With the term
features we mean characteristics of the potential that lead to strong devia-
tions from the minimal and smooth inflationary evolution. These can have
observable consequences, such as distinctive signatures in the power spectra
of perturbations, see for example refs. [86-88]. The minimal realization of
a sharp feature that involves single-field inflation dynamics and a canonical
kinetic term is the presence of a step in the inflaton potential [64-68,89-95].
In this case it can be shown that oscillations in the amplitude of the spectrum
appear due to the fact that the sharp drop in the potential of the inflaton
field detunes the relative phase between the real and imaginary parts of the
curvature perturbation. It is also important to mention that, even though the
strong features in the underlying inflaton evolution may not be simple and
the range of generated spectra extensive, an analytical understanding of their
form is feasible if a suitable analytical approximation is performed [96-98].

From a particle-physics point of view, it is natural to expect multi-field
dynamics during inflation. The phenomenology of interest in multi-field in-
flation models is related to the fact that the curvature perturbations can
evolve even on super-Hubble scales because of the presence of isocurvature
perturbations [99-105], called also entropy perturbations or non-adiabatic
pressure perturbations [106-109]. In particular inflationary set-ups, the evo-
lution of the curvature perturbations triggered by isocurvature modes can be
dramatic, generating an observable GW signal and potentially a significant
primordial black hole (PBH) abundance [45,70,110,111]. At the same time,
the isocurvature modes can be absent at the CMB scales 2 1 Mpc, where
the curvature perturbations are effectively described by single-field results.

When more than one fields are rolling, one can define an adiabatic per-
turbation component along the direction tangent to the background classical
trajectory, and isocurvature perturbation components along the directions
orthogonal to the trajectory [104]. Curvature perturbations may be affected
by the isocurvature perturbations if the background solution follows a curved
trajectory in field space. Models of inflation with curved inflaton trajectories
have been studied often in the past [45,110,112-129]. When the inflaton
slow-rolls along a deep valley while the mass term perpendicular to the tra-
jectory is large, the isocurvature perturbation can be integrated out. This
introduces corrections to the effective single-field theory, which can be ab-
sorbed in the sound speed for the low-energy perturbations [130-134]. In the
particular case of a sharp turn in field space [112-120], the impact of the
isocurvature modes is more prominent, with the resulting curvature spec-
trum departing significantly from scale invariance. An oscillatory pattern
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emerges at wavenumbers characteristic of the turn [115,116]. Also, a sig-
nificant amplification takes place if during the sharp turn the isocurvature
modes experience a transition from heavy to light [45,110, 128, 135]. For
broader turns the amplification is still possible [126,127], but the oscillatory
patterns fade away.

As in the single-field case, when there are two fields that experience strong
features in the course of the inflationary evolution, a general and model-
independent analysis can be performed by encoding the dynamics behind
the strong features in the background evolution in the slow-roll parameters.
This becomes apparent if we decompose, along with the perturbations, the
second slow-roll parameter into its tangent 7 and orthogonal 7, components.
Sharp steps lead to large positive values of ), while sharp turns result in large
values of 1, , with either sign. This phenomenological description also helps to
maintain a geometrical intuition about the field space trajectory. Suggestive
constructions that capture the dynamics of the subtle underlying mechanisms
that produce these features can be inversely engineered. Particular setups
such as those of refs. [97,129,136], just to mention a few, indicate some model
building directions.

The thesis is organized as follows: In chapter 2 we present the basic the-
ory of modern cosmology and single-field inflation. In chapter 3 we review
the theory of cosmological perturbations providing the basic formulae that
are needed in our calculations. In chapter 4 we study the features of the infla-
ton potential in single-field inflation that result in a significant enhancement
of the power spectrum of curvature perturbations by working on simplified
setups. In chapter 5 we perform an approximate analytical calculation of the
scalar power spectrum in cases that the slow-roll approximation is strongly
violated, such as when the inflaton potential features one or more steps. We
use two different methods for our calculations. In chapter 6 we construct spe-
cific inflationary models within the framework of a-attractors that involve
step-like features or inflection points in the inflaton potential. For these
models we calculate the curvature power spectrum as well as the abundance
of the produced PBHs and the power spectrum of the induced GWs. In
chapter 7 we present the formalism of two-field inflation and study the case
of sharp turns in field space both analytically and numerically. In chapter 8
we present our conclusions. In appendix A we provide an assessment of the
accuracy of analytical estimates of the spectrum presented in the main text.
Finally, in appendix B we give some detailed expressions resulting from the
application of the Green’s function method to the two-field system.
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Chapter 2

Modern Cosmology and
Inflation

2.1 FRW spacetime and Friedmann equations

Modern cosmology is based on the “cosmological principle”, which assumes
that the Universe is homogeneous and isotropic on large scales, i.e. it is
invariant under spatial translations and rotations. Observational evidence
during the last two decades (CMB, large scale structure) confirms the ho-
mogeneity and isotropy of the Universe on scales larger than around 100
Mpe.

The most general metric in 4 spacetime dimensions that obeys the cosmo-
logical principle is the Friedman-Robertson-Walker (FRW) metric [137,138].
It takes the form

2

2 _ 2 2

+ r%(d6? + sin® 0d¢?) | (2.1)

where a(t) is the cosmic scale factor and k = —1,0,+1 corresponds to an
open, flat or closed Universe. The above metric is written in terms of co-
moving coordinates (r,0,¢). The physical distance between two spacetime
points with coordinates (¢,0,6, ¢) and (¢,7,0, ¢) is

sinh ™' r, k=-—1

"o dr
d(r,t):/ds:a(t)/o ﬁ:a(t)x rj 1 k=0 . (2.2)

sin~ " 7, k=-+1

Thus, in a Universe that is not static (@ # 0) distances change with time as:

d="d=Hd, (2.3)
a
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where H(t) = a/a is the Hubble parameter. We know that @ > 0 today, so the
Universe is expanding. The relation (2.3) is in accordance with astronomical
observations and constitutes the so-called Hubble law. The current value of H
is Hy = (67.36 £ 0.54)(km/s)/Mpc [139]. Sometimes it is more convenient to
use the conformal time 7 instead of the cosmic time ¢, through the definition
= [dt/a(t).

The dynamics of the Universe is governed by the Einstein’s equations

1
G =Ry — §ng, = 81GT ). (2.4)
Here R, is the Ricci tensor, given by the relation
Ry = 0.1, — 0,00, + 5,10, — T4, (2.5)

where I', are the Christoffel symbols

r

9 [0ugre + 00 gur — Orgyu] (2.6)

N —

K
j17%

and R = g" R, is the Ricci scalar. In the following we will use units such
that M2 = (87G)~! = 1, where Mp, is the reduced Planck mass (Mp, =
2.4 % 10'8GeV).

Under the assumption of isotropy and homogeneity, and in the perfect-
fluid approximation, the energy-momentum tensor 7, takes the form

T} = (p + p)u"u, + pdy, (2.7)

where p and p are the energy density and pressure in the fluid’s rest frame
and u” the four-velocity of the fluid. In a frame that is comoving with the
fluid, we have u* = (1,0) and

(2.8)

For the metric (2.1) the Einstein’s equations give only two independent
differential equations, which are called Friedmann equations:

H? = (9)2:% —% (2.9)

and .
H2 4+ H="2=—Z(p+3p). (2.10)
a
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Combining the above equations, we can derive the continuity equation
p+3H(p+p) =0, (2.11)

which also results from the conservation of the energy-momentum tensor:
VvV, T" =0 (V, is the covariant derivative).
If we define the equation of state w of the fluid as

p
w="2 (2.12)
p
equation (2.11) can be written as
dlnp
=—-3(1 2.13
dlna (14 w), (2.13)
from which we have !
p ox a0+, (2.14)
From (2.9), ignoring the curvature term, we have
e £ -1
+w w .
a ’ : 2.15
{th, w=—1 (2.15)

For instance, a(t) o t?/3, a(t) o< t*/? and a(t) o< e for the scale factor in a
flat Universe (k = 0) that contains non-relativistic matter (w = 0), radiation
(w=1/3), and a cosmological constant (w = —1), respectively.

If more than one constituents contribute to the energy density and pres-

sure, we have:
p= i P=)_ D0 (2.16)

For each species “i” we define the fraction of its energy density over the
critical energy density p. = 3H? as Q; = p;/p.. Then, eq. (2.9) becomes

k
Q:;Qizlntm. (2.17)

From observations (CMB, large-scale structure) we have for the correspond-
ing current values [139]:

Q-1~0, Qp~005  Qpy=~026  Q,~8107°  Q~0.69.

!The solution (2.14) is valid only when w is constant, which is not always the case (e.g.
for an evolving scalar field).
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2.2 Inflation

Cosmological inflation was introduced in order to solve some fundamental
problems that arise in standard Big Bang Cosmology, such as the horizon
and the flatness problem [140]. It explains why the observable Universe is
so large, flat and homogeneous on large scales. In addition, it provides a
framework for understanding the formation of large-scale structure, as well
as the spectrum of the temperature fluctuations of the cosmic microwave
background (CMB).

Inflation is a period of accelerated expansion which is defined by the
following equivalent expressions:

d>0<:>p+3p<0<:>%(aH)1<O. (2.18)
The accelerated expansion inverts the behavior of the comoving Hubble ra-
dius (aH)™!, which decreases with time, contrary to the case of a Universe
dominated by matter or radiation, for which (aH)™! increases. It is also
obvious that inflation requires negative pressure (w < —1/3) or a violation
of the strong energy condition.

2.2.1 Inflation implemented through a scalar field

The simplest models of inflation include a scalar field ¢, the inflaton. The dy-
namics of a scalar field, which is minimally coupled to gravity, is determined
by the action

R
S:SEH+S¢:/d4x\/—g |:§+£¢:| (2.19)
with ]
Ly = —§g’“’8u¢8,,d) - V(o). (2.20)
The energy-momentum tensor for the field ¢ is
2 98,
T,uu = 0 = u¢au¢ + g,Ltl/Lan (221>

Ve

while the Euler-Lagrange equations give
1

\/——_g
In the above V, = dV /d¢.

Consistency with the FRW metric (with & = 0), which corresponds to
a homogeneous and isotropic Universe, implies that the field ¢ must satisfy

Ou(v/—=90"¢) =V =0. (2.22)
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o(t, %) = ¢(t). The energy momentum tensor (2.21) takes the form of a
perfect fluid (2.8) with

p=58+ V() (2.23)
and .
p=36*- V(o). (224
The equation of state w is
w="L= ?&—_V (2.25)
P 5PV

from which it can be seen that a scalar field can lead to negative pressure (w <
0) and accelerated expansion (w < —1) if the potential term V' dominates
over the kinetic term.

Finally, for a FRW spacetime equation (2.22) gives

G+3HO+Vy=0 (2.26)

and the first Friedmann equation becomes

2 f— 1 1 '2
H =3 (2¢ +V(¢)> . (2.27)
2.2.2 Slow-roll approximation

It is useful to define the Hamilton-Jacobi slow-roll parameters 2

H din H
en= = (2.28)
ldlnegy 1 ey (2.29)

=eg— ———— =€y — =
e 2 Hey'
where dN = dIna = Hdt measures the number of efoldings N of inflationary
expansion. Cosmic acceleration corresponds to ey < 1, while a de Sitter

phase with constant H corresponds to ez = 0.
In terms of the scalar field, the above parameters are written as

1 ¢?

= —— 2.
7 5 12 (2.30)

2We shall also denote these parameters simply as € and 7 in the following. We use here
the subscript H so as not to confuse them with the potential slow-roll parameters ey and

nv.
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and .
o

e (2.31)

N =

From (2.30), we see that inflation occurs if the kinetic energy %ng contributes
very little to the total energy p = 3H? or equivalently

»* < V(). (2.32)

In order for inflation to last for a sufficiently long time, the acceleration of
the field has to be small, so we assume that

6| < [3H|, |V, (2.33)

which is equivalent to |ng| < 1.
We can now use these conditions to simplify the equations of motion,
resulting in the slow-roll approximation:

3H) ~ —V, (2.34)

and v
H? ~ 3 (2.35)

The slow-roll conditions, ey, |ng| < 1, may also be expressed as conditions
on the shape of the inflaton potential, through the definition of the potential

slow-roll parameters [141]:
1V’
—| = 2.36
v =3 ( V) (2.36)

v
== (2.37)

In the slow-roll regime we have
ev, |7]V| < 1 (238>

Within the slow-roll approximation, one can easily show that the Hamilton-
Jacobi and potential slow-roll parameters are related as follows:

EH~REYy, NNy —Ey. (239)
Inflation ends when the slow-roll conditions are violated:

en(ty) =1 or  ey(ty) =1 (2.40)
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The number of efoldings between the moment ¢ and the end of inflation ¢, is

t ¢ ¢
N(@) =L = / " Hdt = / "Moo~ [T Vs, (2.41)
a t 6 O bf Vs

where we have used (2.34) and (2.35). A successful solution to the horizon
problem requires that the total number of inflationary efoldings is Nyt = 60,
with the precise value depending on the energy scale of inflation and on the
details of reheating. The largest scales observed in the CMB are produced
N, ~ 50 — 60 efoldings before the end of inflation (the precise value again
depends on the details of reheating and the post-inflationary thermal history
of the Universe [141,142]).

2.3 Reheating

If inflation was realized, then reheating is an important era in the history of
our Universe, as it is the time when the known matter was created. Here,
we will make a very brief and mainly qualitative description of the standard
mechanism of reheating.

After inflation ends, the scalar field begins to oscillate around the mini-
mum of the potential. If we assume that the potential can be approximated
as V(¢) = 2m?¢? near its minimum, equation (2.26) becomes

b+ 3Hp = —m2o. (2.42)
When the expansion time scale exceeds the oscillation period and we have

H < m, the friction term can be neglected and the field oscillates with
frequency m. Therefore, we can deduce that the quantity

po+ 3Hpy = gH (m2¢2 _ ¢2) (2.43)

averages to zero over one oscillation period, and thus, the field behaves like
pressureless matter with py oc a2,

In order to explain the current composition of the Universe, the inflaton
field has to couple to Standard Model fields so that the inflaton energy den-
sity is transferred to ordinary particles. If the inflaton can only decay into

fermions, the decay is slow and its energy density obeys the equation
po+3Hpy = —Lypy, (2.44)

where I, is the inflaton decay rate, which depends on complicated and model-
dependent physical processes. If the inflaton also decays into bosons, the
decay may be very rapid and is characterized as preheating.
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Finally, the particles produced by the inflaton decay will interact and
create other particles. The resulting gas of particles will eventually reach
thermal equilibrium with a temperature 73, that is determined by the en-
ergy density at the end of reheating. For more details about the process of
reheating (and preheating), we refer the reader to [143].



Chapter 3

Cosmological perturbation
theory

In the previous chapter, we treated the Universe as perfectly homogeneous.
However, in order to understand the structure formation and the observed
CMB data, we must introduce inhomogeneities. The creation of inhomo-
geneities is predicted in the framework of inflation that we have described.
It is a result of the quantum nature of the inflaton field, as we describe in
this chapter.

3.1 Perturbed spacetime

We consider small perturbations around the flat FRW metric g,

I = Guv T 5g;w- (3.1)
The most general perturbed metric takes the form:

ds* = a®(1) [-(1 + 24)d7* — 2B;dz'dr + ((1 — 2D)d;; + 2E;;)dz'da’] |
(3.2)
where A, B;, D and FEj; are functions of space and time. A, D transform as
scalars under rotations in the background spacetime, B; transforms as a 3-d
vector, and Fj; as a 3-d tensor. However, we can extract two more scalar
quantities and one more vector quantity from B; and E;;. This scalar-vector-
tensor (SVT) decomposition is performed as follows:

Bi= -8B+ B (3.3)

1 Liom on). 7
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The hatted quantities (vectors and tensors) are divergenceless, i.e. O'B; =
OE; = 0 EU = 0. The tensor part is also traceless, EZ = 0. In this way, the
10 degrees of freedom of the metric have been decomposed into 4 scalar, 4
vector and 2 tensor degrees of freedom.

What makes this division so important is that the scalar, vector, and
tensor parts do not couple to each other at first order, but they evolve inde-
pendently. This enables us to treat them separately. In this thesis, we will
mainly focus on scalar fluctuations, which are related to density perturba-
tions and are responsible for the structure formation in the Universe.

It is important to mention that the metric perturbations in eq. (3.2) are not
uniquely defined, but they depend on the coordinate system we have chosen,
or the so-called gauge choice. A different choice of coordinates leads to the
change of the values of the perturbation variables. It can even introduce fic-
titious perturbations or remove real perturbations in some cases [141]. There-
fore, we need a way to identify true perturbations.

Let us now consider the following gauge (coordinate) transformation

PP=gt et with =T, f=L=-9L+1L, (3.5)

where L is a scalar and L a divergenceless vector. Taking advantage of the
fact that ds? is an invariant quantity, we can find how the metric transforms
under this change of coordinates. In particular, for the four scalar degrees of
freedom that we are interested in, we end up with the following relations:

A - A=A-T —HT (3.6)

B - B=B+T+1L (3.7)
. 1

D — D:D+HT—§V2L (3.8)

E — E=F+L. (3.9)

The primes and the Hubble parameter correspond to derivatives with respect
to conformal time.
It is also useful to define the curvature perturbation ¢ as

1
=D+ §V2E (3.10)

Then, the most general scalar metric perturbation can be written in the
form [144]

ds® = a*(7) {—(1 4 2A)d7* + 2B dx’dr + ((1 — 20)6;; + 2E ;) dz'da’ }
(3.11)
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with B; = 0,8, E,;; = 0;,0;E. Here 1 is used as one of the scalar variables
instead of D. Under the gauge transformation (3.5) it transforms as

Y —p =+ HT. (3.12)

One way to overcome the gauge problem is to create combinations of the
metric perturbations that are invariant under gauge transformations. Such
scalar combinations are the following:

® = A+HB-FE)+(B-E) (3.13)
V= D-HB-E)t VE=v-HB-F)  (314)

which are called Bardeen potentials. We can regard these variables as the
“true” spacetime perturbations, as they cannot be removed by a change of
coordinates.

Another way to deal with the gauge problem is to fix the gauge and
calculate all metric and matter perturbations in a specific coordinate system.
To simplify the problem, we can use the gauge freedom stemming from the
arbitrary functions 7" and L in order to reduce the scalar degrees of freedom
by two. Two of the most commonly used gauges are the following:

e Conformal-Newtonian gauge: In this case, we use the gauge free-
dom to set
B=FE=0. (3.15)

It is easy to see that this is achieved if we choose
L=-F and T=-B+FE. (3.16)

Moreover, we can easily see that for this choice of coordinates we have
A=® and D = = V. Thus, the metric takes the simpler form

ds® = a*(7)[— (1 + 2®)d7? + (1 — 2V)6;;dz"da?]. (3.17)

e Spatially-flat gauge: In this case, we make an appropriate gauge
transformation to set

D=F=0 or v=F=0. (3.18)

This is a convenient gauge for computing the fluctuations of the inflaton
field.

There are also several other known gauges, such as the comoving gauge, the
uniform energy-density gauge, the synchronous gauge and so on, but we do
not need to analyse them in this thesis.
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3.2 Perturbed matter

As we have mentioned in the previous chapter, the background energy tensor,
which corresponds to a homogeneous and isotropic Universe, is assumed to
be of the perfect fluid form

T" = (p+ p)u*u, + pot, (3.19)
where ut = %(1,6), i, = a(—1,0) for a comoving observer '. The energy
tensor of the perturbed Universe can be written as

TH =TF+ 0TH, (3.20)

After a short analysis (see e.g. [141]), we find the following relations for the
components of 07}

6Ty = —dp, (3.21)
010 = (p+p)(vi— By, (3.22)
Ty = —(p+pn, (3.23)
8T, = opb; + 1T, (3.24)

where dp is the density perturbation, dp the pressure perturbation, v; the ve-
locity perturbation that is connected to the four-velocity through the relation
v' = au’, and I the anisotropic stress tensor. The tensor II;; is symmetric
and traceless, and for a perfect fluid we have II;; = 0. If more than one fluids
contribute to the energy tensor, we have:

b= Opi  Op=D op  (pHPT=D (BRI (3.25)

)

Just like for the metric perturbations, the SVT decomposition can be ap-
plied to the energy-tensor perturbations. dp and dp are purely scalar quan-
tities, ¥ can be divided into scalar and vector parts:

while II;; can be decomposed into scalar, vector and tensor parts:

I Lot o) a
I = (%j - §5UV2> M- (ofl +otl) + . (320)

Here the factors 1/a, a are needed in the velocities, because the metric is written in
terms of conformal time.
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Now, under the gauge transformation (3.5), we can find the following
relations for the scalar components that we are interested in:

op — op=0p—TF, (3.28)
op — dp=26p—Tp, (3.29)
v = v=v+1L, (3.30)
M — II=IL (3.31)

We can see that the anisotropic stress II;; is gauge-invariant (not only its
scalar part II).

Having written the metric and matter perturbations, one can write the
Einstein equations 0G* = 0T* in the general form, after expressing the per-
turbed Einstein tensor in terms of the metric perturbations. However, we are
not going to present these equations here, but we will focus on the specific
case that the matter sector consists of a scalar field in the next section.

3.2.1 Adiabatic and isocurvature fluctuations

It is useful to define the total entropy perturbation as [145]:

Sz%(a—p—@)zﬂ(é—.—é—.), (3.32)

ror PP
which is a gauge invariant quantity. If we also define the speed of sound

parameter ¢2 = p/p = p//p’ and use the continuity equation, we can write
the above equation in the form

1 ) 16
S—— - (Tp . _Tp) . (3.33)
Perturbations for which

S=0%x 6p=clip, (3.34)

are called adiabatic perturbations. On the other hand, isocurvature pertur-
bations violate the adiabaticity condition and are the complement of adi-
abatic perturbations. If more than one fluids are present in the Universe,
adiabatic fluctuations correspond to a change in the total energy density
or pressure, whereas isocurvature fluctuations correspond to perturbations
between different components [141]. Single-field inflation produces purely
adiabatic primordial perturbations. In multi-field inflationary models, the
field fluctuations that are tangent to the background inflaton trajectory are
adiabatic, while those that are perpendicular to this trajectory can be char-
acterized as isocurvature, as we shall see later.
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3.2.2 Comoving Curvature Perturbation

An important gauge-invariant quantity that is constructed by both metric
and matter perturbations is the comoving curvature perturbation. It is de-
fined as

R =—¢y—H(v— B). (3.35)

It is easy to see that in the comoving gauge, where we choose B = v = 0,
this quantity is analogous to the curvature perturbation ¢ that is directly
related to the spatial curvature of the Universe. It can also be shown that
the comoving curvature perturbation is conserved on super-Hubble scales
(k < H) for adiabatic fluctuations [141,145]. This means that R does not
change with time outside the horizon.

3.3 Inflaton fluctuations and their evolution

During inflation the main contribution to the energy tensor comes from the
inflaton field, which governs the dynamics of the Universe, as we saw in the
previous chapter. As we have done for all the other quantities, we divide the
inflaton into a background and a perturbation part:

o(1, %) = o(1) + 09(T, T). (3.36)

Using the metric (3.11), which includes only the scalar parts of the pertur-
bations, we can easily find that the perturbation of the energy-momentum
tensor for the field ¢

1 = 060,00 (300,000 + V(0) ) (337)

has the following components:

0T = —a 2 (¢'6¢) — Ag™?) — Vo6 = —dp, (3.38)
0TY = —a 2¢0,(50), (3.39)
0Ty = a2 [¢0'(69) + $20'B] (3.40)
0T, = &5 [a™?(¢'0¢' — ¢*A) — V460 = 6idp. (3.41)

We see that scalar fields do not have anisotropic stress. Moreover, using the
above form of the energy tensor, we find that, under a gauge transformation
(3.5), the field perturbation changes as

8¢ — 0 = ¢ — T (3.42)
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The expansion of the Einstein equations 0G% = 0T} to first order in
perturbations for the case of a scalar field is straightforward. The calculation
results in three independent equations, which we gather here:

SH(HA+ D) — V2(tb + HB) — _% (066 — AP+ a®Vy80] , (3.43)
'+ HA+ (—H +HHB = %(gb’égﬁ + ¢ B), (3.44)

QH +HHA+HA + " +2HyY = % [(¢'6¢) — §”A) — a®V 460] . (3.45)

The equation of motion for the field ¢ (see the previous chapter) gives the
well-known background (Klein-Gordon) equation:

¢+ 2HP = —ad*V, (3.46)
and the field perturbation equation
§¢" +2HIP — V25 + a®V g0 = —2a° AV, + (A" + 3D’ + V>B)¢'. (3.47)

Now we would like to use the Einstein equations in order to eliminate the
metric perturbations from eq. (3.47) and obtain a differential equation that
contains only the inflaton perturbation. To achieve this, it is more convenient
to go to the spatially flat gauge where ¢ = 0. In this way, we end up with
the following equation:

1 (a?-.\
Q"+ 2HQ' — V3*Q + {aQVW -5 (%gb’Q) ] Q =0, (3.48)

where () = <5¢ + %1/}) is the so-called Sasaki or Mukhanov variable that

in the spatially flat gauge is simply ) = d¢. It can be easily checked that
the quantity @ is gauge invariant. Equation (3.48) is in fact the Mukhanov-
Sasaki equation, which is better known in its equivalent form [146, 147]

7

V-V~ Dy = 0, (3.49)

z

where? v = aQ and z = ad’ /H.

2Tt is apparent that this quantity is different from the velocity perturbation v, although
we have used the same symbol.
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3.3.1 Quantization and initial conditions

Equation (3.49) can also arise from the variation of the second order action

"

/ diz [@/)2 —(B)? + 0. (3.50)

z

1

S =3

Now we can easily perform the quantization of the field v. We promote the
field v and its conjugate momentum 7 = v’ to quantum operators so that

[6(7, @), 7(r, &) = i6(T — ). (3.51)

Performing a Fourier expansion of the field v, we have

N &’k ik
o(T,7) = W’UE(T)Q , (3.52)

where the Fourier components 0 can be expressed in terms of annihilation
and creation operators (G; and d%) as follows:

. (3.53)

I —+

0p(7) = we(T)ag + vp(7)a

The mode functions vy (7), vi(7) satisfy the Mukhanov-Sasaki equation (3.49)
(if we write it in Fourier space). If they are suitably normalized, we can have
the well-known canonical commutation relations

lag, al,] = 6(k + k). (3.54)
The vacuum of the theory is defined via
aglo) = 0. (3.55)

However, in order to specify precisely the vacuum state, we need to choose
appropriate initial conditions for the mode function. We know that at the
beginning of inflation (7 — —o0) all modes of interest were deep inside the
horizon, i.e. k> H. In this limit, it can be seen that the Mukhanov-Sasaki
equation reduces to

vy + ko = 0, (3.56)

whose two independent solutions are ~ e™*7. Nevertheless, only the positive
frequency mode corresponds to the minimal energy state [141]. Thus, we
must choose the initial condition

lim (1) = e kT (3.57)

T——00

oy



3.3 Inflaton fluctuations and their evolution 35

which defines the so-called Bunch-Davies vacuum.

If we consider the de-Sitter limit (H = const.), which is a good first
approximation in order to describe slow-roll inflation, we have 2”/z = a” /a =
2/72. In this case, the solution of the Mukhanov-Sasaki equation that obeys
the initial condition (3.57) turns out to be

vp(T) = \/%e_“” <1 — IZ—T) : (3.58)

3.3.2 Power spectrum

It is straightforward to show that the variance of the inflaton fluctuations
(the variance of the field operator (7, %)) is

3

. - k
(9) = O otr. 00) = [ dlnkou@P. (359
We define the power spectrum of v as
AZ — kS 2
v =5l (3.60)

After horizon crossing, it is convenient to switch from the inflaton fluctuation
v to the comoving curvature perturbation R, which stays constant outside
the horizon. Using the relation (3.35), it is easy to show that the gauge
invariant quantities v and R are related via

R=—". (3.61)

z
Thus, the power spectrum of R is given by

1
2 2
If A% is k-independent, the spectrum is called scale-invariant. An impor-
tant quantity that specifies the deviation from scale-invariance is the scalar
spectral index n,, which is defined by

:dhﬂA3Z
~ dlnk’

(3.63)

Ng —

where ny = 1 corresponds to exact scale invariance. For slow-roll inflation,
ns can be approximated as [142]

ns — 1~ —6ey + 2ny. (3.64)
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The power spectrum around a reference scale k, can therefore be approxi-
mated through the power law form

k

AZ (k) = A, (k—*)nrl , (3.65)

where A, is the amplitude of the scalar spectrum. For the pivot scale k, =
0.05Mpc™, the measured values for A, and n, are [139]

Ay = (210155050 x 1077 (3.66)

ns = 0.9649 £ 0.0042. (3.67)

Finally, another quantity whose calculation is important in order to check
the viability of an inflationary model is the tensor-to-scalar ratio r, defined

as
r=— (3.68)

where A; is the amplitude of the tensor power spectrum (see e.g. [141]). When
the slow-roll approximation applies, r can be approximately calculated as

r & 16ey. (3.69)

Observational constraints for r refer to its upper bound. The most restrictive
constraint that can be found in [139] is

r < 0.058. (3.70)



Chapter 4

Steps and inflection points

Having presented the basic theory of inflation and cosmological perturba-
tions, we can now study in more depth the power spectrum of curvature
perturbations and the features of the potential in single-field inflation that
have a significant impact on it. This chapter is essentially based on [148].

4.1 Dynamics in terms of the number of efold-
ings

In this section we collect the dynamical equations that are needed for the
study of the curvature perturbations and their spectrum.

We recall that the most general scalar metric perturbation around the
Friedmann-Robertson-Walker (FRW) background takes the form [144]

ds* = a®(1) {—(1 4 2A)dr* + 2B d*dr + (1 — 2¢)0;; + 2E ;) da'da’ }
(4.1)
with B; = 0;,B, E;; = 0;0;E. As we have mentioned in the previous chapter,
on this background one can parametrize the inflaton field as (1) + dp(7, )
and define a gauge-invariant perturbation as

S0/
=al|dp+ =1 ), 4.2
v=a(dp+50) (42)
which satisfies the Mukhanov-Sasaki equation [146,147]
Z//
v = Vi - v =0, (4.3)
z

From now on, we omit overbars in background quantities and we often use the symbol
w instead of ¢ for the inflaton.
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with z = ay’/H. The Fourier modes of v satisfy

vy (T) + (k2 — z—”) vp(1) = 0. (4.4)

z

The standard assumption, which we adopt, is that at early times the field
is in the Bunch-Davies vacuum. The strong features of the potential have
not become relevant yet, so that the background field is in the slow-roll
regime. All the modes that are phenomenologically interesting today were
deeply subhorizon at such early times. They are described by the standard
expression v, = e 7/ V/2k, which we use in order to set the initial condi-
tions for their subsequent evolution. The spectrum of perturbations becomes
more transparent through the use of the gauge-invariant comoving curvature
perturbation R = —v/z %, which satisfies

/
RI+25R, + k>R, =0 (4.5)
z

in Fourier space.

As we are mainly interested in the amplitude of the complex variables v
and R, we introduce polar coordinates, such that vy, (7) = Vi (7) exp(—ibx (7)),
with V, and 6y, real. From eq. (4.4) we obtain

Vi + (k2 - % - 9;3) Vi = 0 (4.6)
9// V/
9—? + 2V—’; = 0. (4.7)
k

The second equation can be integrated, with the solution 6} V7 = constant.
At early times we have V;, = 1/v2k and 6 = k7. This fixes the constant of
integration to 1/2, so that we can set

1
/
E— 4.
in eq. (4.6). In this way we obtain
" 1
(- )y =0 4.9
R e (4.9)

2In this and the following chapter we symbolise the comoving curvature perturbation
with R and its amplitude with R.
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which must be solved with initial conditions V, — 1/v2k, V; — 0, for 7 —
—00. The curvature perturbation is parametrized as Ri(7) = —Rg(7) exp(—ibx (7)),
with Ry = Vi /z. Its amplitude satisfies

Z/
Ri+2=R, + <k2 — ) Ri = 0. (4.10)
z 424RE
It is convenient for the numerical analysis to use the number of efoldings N
as the independent variable for the evolution of the perturbations. Then the
Hubble parameter and the Hamilton-Jacobi slow-roll parameters are given

by the relations

174
H? = —(f”)z (4.11)
3— 5PN
dinH ¢%
= — = 4.12
oH AN 2 (4.12)
1d1 2
0w = ex neg PN PANN (4.13)

2 dN 2 on

where subscripts denote derivatives with respect to N. The parameter z is
given by
z=eV oy, (4.14)

while the effective equation of state for the background is w = —1 + 2¢5/3.
The evolution of the background field is governed by the equation

1 1 1%
ONN+3oN — EW?N + (3 — §<p?N> 7‘” =0, (4.15)

with V() the inflaton potential. The inflaton fluctuation obeys the equation

2
v NNFH(1—em)ve N+ (W + (I +eg —nu)g —2) — (eg — 77H),N) v =0,

(4.16)
and its amplitude
k2 1
Vinn + (1 —ep)Ven + N2 11— W +(1+em —nm)-
(4.17)
(na —2) — (em —nm) v | Vi = 0.
In the above differential equations we can express the coefficients as
2
| —ey=1-2N (4.18)

2
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2
1
(Len ) (0 —2) — (e —np) 3 = —2— 35NN _PNNN PN 4 2 .
’ (’07]\7 ()07N 2 2 ) bl
(4.19)

We can also write equivalent equations for the curvature perturbation, which
take the form

20 NN @ N k?
Ry vy + (3+ o 5 )Rk]v+ QNHQszo (4.20)
and
Rixy + 3+ 2288 _ o] Rin + L P L Ry =0
(4.21)

for the perturbation and its amplitude, respectively.
The spectrum of curvature perturbations is
k3 V2 kS
A = —— = _—Rj. (4.22)

2 g2N
2m e Ny

The normalization of the spectrum can be set in terms of a pivot scale k,
and the number of efoldings N, at which it crosses the horizon: k, = e™*H,.

By defining dimensionless variables k= k/k., O, = Vk.vp, Vi = Vi Vi,
Rk = k. Ry, Rk = k. Ry, as well as SN = N — N,, we obtain

k3 202 oy,
A% = A~k (’O’g . (4.23)
€ PN
where ) H2
=1 (4.24)
™ SON*

sets the scale for the amplitude.

For a given inflaton potential, one can integrate numerically eq. (4.15)
in order to derive the inflaton background, and then integrate one of egs.
(4.16), (4.17), (4.20), (4.21) for the field or curvature perturbation, in order
to deduce the spectrum. The real and imaginary parts of vy and R} oscil-
late very rapidly for subhorizon perturbations, as can be deduced from egs.
(4.16), (4.20). This makes the numerical integration of these equations more
demanding. On the other hand, the amplitudes V, and R; have a smoother
evolution. It is possible for these quantities to become oscillatory also, as
we shall see in the following. However, the presence of the terms ~ V), *in
eq. (4.17) and ~ R;* in eq. (4.21) guarantees that these amplitudes remain
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always positive. For the numerical analysis of the following section, we solve
the evolution equations both for the field perturbation v, and its amplitude
V. in order to cross-check the results.

A quantity that plays a crucial role in determining the qualitative be-
haviour of the solutions is the one in the first parenthesis of eqs. (4.20),
(4.21), which we denote by

20NN PN
f(N):?)—l—(p’—N—? (4.25)

as a function of N. In the slow-roll regime, this quantity acts as a gener-
alized friction term. However, for the more general evolution that we are
considering, it may become negative and lead to a dramatic enhancement of
the perturbations. We also define the function

1

M=l
g(N) 4k2e4Ng0f*NRi’

(4.26)

appearing in the second parenthesis, evaluated on a given solution for the
perturbation. This function diverges whenever the amplitude R, approaches
zero, thus preventing it from turning negative. An alternative way to view
this point is to notice that eq. (4.21) is equivalent to eq. (4.20), while the
amplitude of Ry cannot turn negative. The fact that Ry can approach zero
at certain times during the later stages of the evolution, as we shall see in
the following, indicates that during these stages the real and the imaginary
part of Ry are in phase and can cross zero almost simultaneously.

4.2 Features of the inflaton potential

We would like to explore features of the inflaton potential that can result in
an amplification of the spectrum of curvature perturbations by several orders
of magnitude. Our underlying motivation is to determine the appropriate
conditions for the creation of primordial black holes. This is possible in
a range of scales in which perturbations become of order one. Significant
deviations from the scale-invariant spectrum can occur only at small length
scales (large wavenumbers), for which the evolution of the spectrum is highly
nonlinear, so that current observations do not constrain its form severely.
Such scales correspond to comoving wavenumbers larger than O(1) in units
of Mpc—1.
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4.2.1 Minimal framework

Instead of considering a specific model, we keep only the minimal number
of elements required for addressing the problem. We focus on only a limited
range of scales, and the corresponding values of the inflaton background when
these exit the horizon. We approximate the inflaton potential by the smallest
number of relevant terms. The features of interest are:

1. an inflection point, at which the first and second derivatives of the
potential vanish,

2. one or more points at which the potential decreases sharply.

Both these features can appear in a potential with the simple parameteriza-
tion

V)=V (1 45 D0 A1+ tanb(e(p - ) + B@) SR

where 7 is a positive integer counting certain special field values. The first
terms in the parenthesis can be identified with the vacuum energy that drives
inflation. The crucial assumption that we have made is that the vacuum en-
ergy can have one or more transition points at which it jumps from one
constant value to another. One could speculate that these points correspond
to values of the inflaton background associated with some kind of decoupling
of modes whose quantum fluctuations contribute to the vacuum energy. How-
ever, such a speculation cannot be put easily on formal ground because of
our lack of understanding of the nature of the cosmological constant. Sharp
changes in the vacuum energy can also occur during transitions from one
region of a multi-field potential to another. The analysis of such a system
would require the inclusion of entropy perturbations. The current work can
be regarded as simplified first step towards understanding the features that
could appear in the spectrum of curvature perturbations for a multi-field
system. The linear term in the potential (4.27) is the only term in a field ex-
pansion that is indispensable for our discussion. In this subsection we neglect
the effect of higher powers of the inflaton field that would make the analysis
model dependent. We assume, without loss of generality, that B < 0. An
inflection point can appear at ¢; = 0 if Ay = —2B/c, A; = 0 for i > 1.
Negative values of A; result in a series of steps in the potential.

A drawback of the potential (4.27) is that it is not possible to make a
connection with the range of the spectrum that is relevant for the cosmic-
microwave-background (CMB). The slope B of the potential required for
agreement with the measured spectral index is too steep for obtaining a large
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number of efoldings. As a result, contact with the observations is not possible
and we treat the pivot scale k,, the amplitude A, and the spectral index ng,
introduced in the previous section, as free parameters. In particular, we
assume that k, is located deep in the nonlinear part of the spectrum and
the spectral index is sufficiently close to 1 for a large number of efoldings
to be produced. We present our results for the spectrum in units of A,
which is equivalent to setting A; = 1. It is also obvious from eq. (4.15)
that the absolute scale V of the potential does not play any role for our
considerations. In practice, we set V; = 1 for the numerical analysis. Finally,
the inflaton field and the constants ¢;, B are given in units of Mp; (we remind
that we have set Mp; = 1 in our equations).

Before computing the spectrum, it is instructive to understand which
type of background evolution leads to its enhancement. The perusal of eq.
(4.21) leads to the conclusion that the sign of the function f(NN) defined in
eq. (4.25) is crucial. For f(N) > 0 the second term of eq. (4.21) acts as
a friction term, suppressing the growth of the curvature perturbation. The
opposite happens for f(N) < 0. It is known that the presence of an inflection
point in the potential enhances the spectrum. For this reason, we examine
first the form of f(IV) for such a case. Then we analyse the conditions under
which a similar enhancement of the spectrum can occur for a potential with
a step-like structure. It must be emphasized that the two cases are distinct.
The rolling of the inflaton through an inflection point does not stop inflation,
even though the standard slow-roll conditions are not satisfied because of the
large value of ngy. On the other hand, the transition through a sharp drop
in the potential leads to a fast increase of the time-derivative of the inflaton,
and in many cases to a brief interruption of inflation. This is apparent from
the effect of a large value of e on the effective equation-of-state parameter
w=2ey/3—1.

In fig. 4.1 we present various elements of the calculation of the power
spectrum for different potentials. We have used the same scale for all related
plots in order to make the comparison easy. The first plot in each row de-
picts the inflaton potential. The potential at the top has an inflection point
at ¢ = 0, even though this is not clearly visible. The potentials in the next
three rows display a step at ¢ = 0, whose steepness is increased from top
to bottom by choosing larger values of the parameter ¢;. The form of the
potential is reflected in the field evolution. In the second plot of the first
row, the field stays almost constant near zero for several efoldings. In the
following rows it evolves very quickly, within 2-3 efoldings, from one plateau
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Figure 4.1: The inflaton potential V(¢) of eq. (4.27), the evolution of the
inflaton ¢, the function f(NN) defined in eq. (4.25), and the power spectrum
of curvature perturbations with wavenumber k, for various choices of the
parameters of the potential: First row: A; = 0.000605, ¢; = 100, B =
—0.03. Second row: A; = —0.3, ¢y = 20, B = —0.03. Third row: A; =
—0.3, ¢y = 100, B = —0.03. Fourth row: A; = —0.3, ¢; = 300, B = —0.03.
The scales of k and V' are arbitrary.

of the potential to the next. The third plot in each row depicts the “effective
friction” f(INV). In all cases this function becomes negative during part of the
evolution, thus leading to a strong enhancement of the fluctuations. For an
inflection point it starts with the standard value 3, then becomes negative,
returns to positive values larger than 3, and eventually becomes equal to 3
again. For a step in the potential, there is a strong increase to very large
positive values before the function becomes negative. This increase is con-
fined within a period of efoldings that shrinks with increasing steepness (and
c1). On the other hand, the form of f(N) in the interval where it is negative
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Figure 4.2: The inflaton potential V() of eq. (4.27), the evolution of the in-
flaton ¢, the function f(N) defined in eq. (4.25), and the power spectrum of
curvature perturbations with wavenumber k, for various choices of the param-
eters of the potential: First row: A; = —0.3, ¢; = 100, B = —0.03. Second
row: Ay = Ay = —0.15, oo = 0.3, ¢ = ¢ = 100, B = —0.03. Third row:
A=Ay = A3 = —0.1, o3 =0.3, 93 = 0.6, ¢; = ¢ = ¢c3 = 100, B = —0.03.
The scales of k and V' are arbitrary.

is largely independent of ¢;, because it is determined by the approach of the
field to slow roll on the second plateau. It seems reasonable to expect that,
for steeper steps, the suppression of the perturbation during the strong in-
crease of f(N) is a subleading effect relative to the subsequent enhancement.
This expectation is confirmed by the spectrum depicted in the last plot of
each row. In the first row we observe the strong and broad enhancement of
the spectrum associated with an inflection point. After an initial dip, the
spectrum grows rather steeply towards a maximum, beyond which it decays
smoothly towards its almost scale-invariant form. This behavior is consistent
with the general analysis of ref. [149]. The spectra of the next three rows dis-
play a strong oscillatory behaviour, which will be discussed in the following.
The largest enhancement is achieved for a band of wavenumbers during the
first oscillation. It is clear that the magnitude of this enhancement increases
with ¢;.

The maxima of the spectra in fig. 4.1 are larger by up to three orders
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Figure 4.3: The inflaton potential V(¢) of eq. (4.27), the evolution of the
inflaton ¢, the function f(NN) defined in eq. (4.25), and the power spectrum
of curvature perturbations with wavenumber k, for various choices of the
parameters of the potential: First row: ¢y = 0.2, ¢3 = 0.4. Second row:
ps = 0.3, 93 = 0.6. Third row: ¢s = 0.4, 3 = 0.8. In all cases: A; =
Ay = A3 = —0.1, ¢c; = ¢ = ¢c3 = 100, B = —0.03. The scales of k and V are
arbitrary.

of magnitude relative to the standard value for the scale-invariant case. The
enhancement is restricted by the fact that the maximal “velocity” achieved
by the rolling field is limited by the size of the step. It is possible, however,
that the potential includes several step-like features. We examine their effect
in fig. 4.2, where we compare potentials with one, two or three steps. The
total drop in the potential is the same in all three cases. It is apparent from
the last column that the presence of several features in the potential can
lead to the increase of the spectrum by several orders of magnitude. The
reason can be traced to the “effective friction” f(N), displayed in the third
column. The presence of several steps increases the total number of efoldings
over which this function takes negative values. This is reflected in the larger
enhancement of the perturbations.

The field values at which the features of the potential appear play a crucial
role for the form of the resulting spectrum. This feature is demonstrated in
fig. 4.3 in which we consider potentials with three steps, at field values with
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Figure 4.4: The curvature perturbation as a function of the number of
efoldings N, and the functions f(N), g(NN), for the potential (4.27) with
A = Ay = A3 = =01, po = 0.3, p3 = 0.6, ¢ = o = ¢c3 = 100,
B = —0.03. Blue line: 551/A%(k,N) for k = 2.66 x 10°. Red line: The
function = f(N) defined in (4.25). Green line: The function g(N) defined

10
in (4.26).

increasing distance from each other. It is apparent from the first row that
when the steps are very close to each other the function f(IV) stays negative
for a small number of efoldings and the enhancement is comparable to the
one-step case. Increasing the distance leads to spectrum enhancement, as
f(N) stays negative longer. However, the enhancement persists up to a
certain distance between the features of the potential, beyond which each
step acts independently on the spectrum. This beaviour is apparent in the
second and third rows of fig. 4.3.

A prominent feature of the spectra resulting from sharp drops in the
inflaton potential is the appearance of strong oscillations, whose origin we
would like to understand. Omne can speculate that the oscillatory pattern
arises when modes within a wavenumber range exit the horizon, but then
reenter during the period when inflation stops and the comoving horizon
grows. Upon reentry they start oscillating again, until they exit for a second
time during a subsequent period of inflation [85,144]. However, the onset or
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Figure 4.5: The Hamilton-Jacobi slow-roll parameters ey and ng, defined
in egs. (4.12) and (4.13) respectively, and the “effective-friction” term f(NV)
defined in eq. (4.25), as a function of the number of efoldings, for two choices
of the parameters of the potential: Left plot: A; = 0.000605, ¢; = 100,
B = —0.03. Right plot: A; = —0.3, ¢; = 100, B = —0.03. The two sets of
parameters correspond to the first and third row of fig. 4.1.

freezing of the oscillatory behaviour is not instantaneous, while the crossing
of the horizon is essentially a continuous process with a certain width. An
exact analytical treatment is difficult, and the evolution of each mode can
be computed only numerically. In fig. 4.4 we present the evolution of the
curvature perturbation Rz (N) (blue line) for a given Fourier mode k = 2.66 x
10° for an inflaton background arising from a potential with three steps. The
red and green lines depict the functions f(N) and g(N) defined by egs. (4.25)
and (4.26) respectively. The enhancement of the curvature perturbation
during the periods of inflation with negative f(/NV) is apparent. Similarly,
the freezing of the perturbation during the periods with positive f(N) is also
apparent, resulting in 7%,;(]\[ ) becoming asymptotically constant.

A striking feature is the series of oscillations for the amplitude of pertur-
bations, which approaches zero at several values of N. At these points the
function g(IN) becomes very negative, thus preventing the amplitude from
crossing zero. The origin of the oscillations is explained in detail in the next
chapter, where we make an analytical approximation of the power spectrum
of curvature perturbations.

In fig. 4.5 we look in detail at the role of the slow-roll parameters in the
enhancement of the spectrum. We contrast the case of an inflection point
in the potential (left plot) with that of a step-like feature (right plot). In
the first case, the solution remains inflationary during the whole evolution.
The Hamilton-Jacobi parameter ey has a constant value, apart from the
part of the evolution near the inflection point, during which it approaches
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zero. The parameter 1y starts from a value close to zero during the slow-roll
regime, first turns positive and subsequently negative, eventually returning
close to zero during the second slow-roll regime. The “effective-friction” term
is strongly influenced by ng and becomes negative during the time that ngy is
significantly larger than zero. In the case of a step-like feature, the parameter
ey grows large during the interval that this feature is traversed. For sharp
steps or when the second plateau is sufficiently low, the solution ceases to be
inflationary for a short time, as can be verified by computing the equation of
state parameter w = —1+2¢y /3. The parameter ny first turns negative, but
then positive as the inflaton “decelerates” while settling on a slow-roll regime
on the second plateau. The “effective friction” is again mainly influenced by
nyg and becomes negative when 7y takes large positive values. The effect
is sufficiently strong for the friction term to be negative even when ey is of
order 1.

4.2.2 A specific model

The analysis of the previous subsection relied on a simplified potential which
did not allow us to make contact with the physical scales of the power spec-
trum. In order to obtain a more complete picture, we study in this subsection
a potential inspired by the Starobinsky model [150], to which we introduce
step-like features. The potential is given by the expression

Vie) =W (1 — 6380)2 (1 + % ZAi (14 tanh(e; (o — gpl)))> ) (4.28)

It is important to mention that we do not engage in model building at this
point, as we do later in this thesis when we construct models in the framework
of a-attractors. Thus, the above potential has not been derived from a
more fundamental framework, such as supergravity. It is a phenomenological
construction that has enough flexibility to allow for a sufficient number of
efoldings, as well as power-spectrum scale and spectral index compatible with
the CMB observations.

In fig. 4.6 we present the various elements in the calculation of the power
spectrum of curvature perturbations for this model. The first plot depicts
the potential with the characteristic step-like feature. The values of the
parameters are: A; = Ay = A3 = 0.05, ¢; = co = ¢c3 = 200, o1 =5, py = 4.8,
p3 =4.6, B = —\/2_/3. Dimensionful parameters are given in units of Mp;.
The evolution of the inflaton ¢ as a function of the number of efoldings N
is shown in the second plot. We count the number of efoldings from the
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Figure 4.6: The inflaton potential V() defined in (4.28), the evolution of
the inflaton ¢ as a function of the number of efoldings N, the function f(N)
defined in eq. (4.25), and the power spectrum of curvature perturbations
with wavenumber k, for Ay = Ay = A3 = 0.05, ¢; = ¢35 = ¢3 = 200, ¢ = 5,
py =4.8, p3 =4.6, B = —m. Dimensionful parameters in units of Mp.
The scale of the potential V) has been adjusted in order to reproduce the
amplitude of curvature perturbations in the CMB range.

moment that the scale with wavenumber k, = 0.05 Mpc ™!, which we use as

a pivot scale, exits the horizon. The above parameters result in a power
spectrum in the CMB range with a spectral index ng ~ 0.969 and a tensor
to scalar ratio r ~ 0.0027. The third plot depicts the “effective-friction”
function f(N) defined in eq. (4.25). It deviates from the standard value 3
during the period in which the inflaton field takes values in the vicinity of the
step-like feature of the potential. When f(N) is negative, it acts as negative
friction, leading to the enhancement of the curvature modes that cross the
horizon during this period. The enhancement for certain wavenumber bands
can be significant. For this particular choice of parameters the spectrum
is enhanced by roughly four orders of magnitude. The enhancement can be
made larger with an appropriate choice of the potential, or with the inclusion
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of additional step-like features. The curvature power spectrum is depicted
in the last plot. It has been normalized to the standard value ~ 2.1 x 107
for k, = 0.05Mpc™' through an appropriate choice of the scale Vj of the
potential.

The strong features in the spectrum appear deep in the nonlinear regime,
where the phenomenological constraints are not strict because of the lack of
analytical understanding of the evolution of the perturbations. The approxi-
mate wavenumber value k; for which these features appear can be estimated
by noting that kf = exp(Ny)H must hold at horizon crossing. For the pivot
scale this relation is k, = exp(N,)H.,, and we have set N, = 0. If the Hub-
ble parameter does not change substantially between N, and N;, we have
kg/k. ~ exp(Ny). From the second plot of fig. 4.6 we obtain Ny ~ 23, which
gives k; ~ 10° Mpc™', in agreement with the last plot.
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Chapter 5

Analytical calculation of the
spectrum

In this chapter we discuss an approximate analytical treatment of the spec-
trum of curvature perturbations in cases that the slow-roll approximation is
strongly violated. We assume that the inflaton potential displays the stan-
dard plateau that can lead to an almost scale-invariant spectrum. In addi-
tion, it contains a strong feature within a finite range of field values, which
can lead to the violation of the slow-roll conditions or even cause inflation to
cease momentarily. In order to be as model independent as possible, we do
not focus on specific potentials with these properties. The material of this
chapter is mainly drawn from [151] and [152].

5.1 Approximation with “pulses”

5.1.1 General considerations

In the previous chapter we saw that the evolution equation for the comoving
curvature perturbation takes the form

k2
Rk,NNJrf(N)Rk,NerRk:O, (5.1)
with the quantity
_ 20 NN ‘P,QN .
f(N)=3+—"T""———"-=3+¢cyg— 2y (5.2)
YN 2

playing a crucial role in determining the qualitative behaviour of the solu-
tions. In the slow-roll regime it acts as a generalized friction term. However,
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if ny becomes positive and large it can lead to a dramatic enhancement of
the perturbations.

In the approximation that the slow-roll parameters are neglected and H
remains constant, the solution of eq. (5.1) can be expressed in terms of the
Bessel functions Ji3/; as

k k
Rk(N, Cp, Cm, 3) = AB_%N (ijg/g (G_NE) + Cm J,3/2 <€_Nﬁ)> s
(5.3)
where we take A to be real without loss of generality. We also emphasize that,
even though C,, C,, are constants with respect to N, they are generally k-
dependent. For the values C,, =1, C,,, = 7 the two Bessel functions combine

into the Hankel function of the first kind Hé})z The curvature pertubation
is Rp(N;1,4,3) <e_“”/\/E> (1 —i/(kT))/a(r), where the conformal time

is Hr = —e ™ = —1/a. For 7 — —oo this is the standard expression

for the Bunch-Davies vacuum in the slow-roll regime, which is taken as the
initial condition for the evolution of the fluctuations. For 7 — 0~ or N —
oo the curvature perturbation approaches a constant value o< k=3/2 as the
mode with wavenumber k£ moves out of the horizon and freezes. The power
spectrum of curvature perturbations A% = (k*/27%)|Ri|* is scale invariant.
It is important to notice that the value of the curvature perturbation at late
times, or N — 00, comes from the second term in eq. (5.3), as the first one
vanishes. This can be easily seen if one considers eq. (5.3) for large values of

N. In this limit, it takes the form
2 (k7 k Nk
Ri(N) = A/ — (—) e N - (CmeN + C’pﬁ> Ccos (e Nﬁ)
kN . Nk
+ (C’peN — Cpﬁ) sin (e Nﬁ)] ,

m \H

Therefore, it is the absolute value of C),, that determines the power spectrum.

The above picture is modified when the function f(N) of eq. (5.2) de-
viates from a constant value equal to 3. For small values of ey, ng the
deviations from scale invariance can be computed analytically through the
standard slow-roll analysis. However, our interest lies with strong modifica-
tions of €y, ny that result in the enhancement of the spectrum by several
orders of magnitude.

The typical forms of the effective-friction function f(/N) that we would
like to analyse are like those depicted in fig. 4.1 of the previous chapter, which
result from the potential (4.27) for specific choices of its parameters. The

(5.4)
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function f(N) remains close to 3, apart from a range of efoldings in which
it deviates strongly from this value. Similar features can be obtained with
other types of potentials in single- or multi-field inflation, such as potentials
with inflection points, or multiple inflationary stages. The pattern can be
repeated several times. As we have already mentioned, when f(/N) becomes
negative, it induces a strong enhancement of the spectrum. The modifications
to the spectrum appear for wavenumbers of density perturbations deep in the
nonlinear regime today.

In order to obtain an analytical solution, we model f(NN) through a se-
quence of square “pulses”, each with constant f(N) = k; # 3. At early
and late times we assume that the inflaton is in a slow-roll regime, with
negligible slow-roll parameters, so that f(N) = 3 and the curvature pertur-
bation is given by eq. (5.3). We approximate the Hubble parameter H as
constant. This is a good approximation, as our focus is on modifications of
the spectrum by several orders of magnitude. In comparison, the change in
the Hubble parameter for an inflection point in the potential is less than 1%,
while for a step in the potential it is of order 10%. We use an arbitrary nor-
malization for the number of efoldings by absorbing a factor of exp(Ny) in k,
where Ny corresponds to the actual number of efoldings since the beginning
of inflation until the moment in time that we denote by N = 0. In practice
this means that the physical value of the wavenumber is exp(Ny) k.

Our starting point is the solution (5.3), which defines the initial condition
for N - —oo. For C, = 1, C,, = 1, this expression corresponds to the
Bunch-Davies vacuum. We neglect slow-roll corrections and approximate the
evolution through eq. (5.3) until the value of N at which the first nontrivial
“pulse” appears in f(N). In subsection 5.1.3 we analyse the modification of
the curvature perturbation induced by this and the following “pulses”, until
the system returns to a slow-roll regime. For N — oo the solution becomes
constant. We are interested in the relative increase of the asymptotic value of
|Cy| in comparison to the value |C,,| = 1 corresponding to a scale-invariant
spectrum. In this sense, the value of the k-independent parameter A in
eq. (5.3) is not of interest to us. This parameter would determine the
amplitude of the spectrum in the CMB region, and needs to be adjusted
to a phenomenologically correct value.

An important point concerns the form of f(N). Negative values of this
function result only from 7y taking large positive values, as can be seen
through egs. (4.12), (4.13), (5.2). In general, large deviations from 3 can
result from the term 2¢ yxn/¢ v being the dominant one in eq. (5.2). The
integral of f(N)—3 over N, from an early to a late slow-roll regime separated
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by nontrivial evolution, is

N N
/e dN(f(N)—?)):/e dN(eg —2ny) = 2log Eg:ﬁ;:%—log%

(dH/dN),
(dHdN),

(5.5)
= log

where we have used the definitions (4.12), (4.13). This quantity is approx-
imately zero for inflaton potentials with a strong feature localized within a
region supporting slow-roll inflation and with similar values of dH/dN before
and after the feature. Here we neglect the slow-roll corrections and analyse
only the very large enhancement resulting from such a strong feature, by
imposing the constraint that positive and negative “pulses” have integrated
areas that cancel.

5.1.2 Toy-model analysis

Several features that appear in the spectra that we study in the following
subsections can be understood in a much simpler context. We are interested
in the effect of a “pulse” on the evolution of a mode with a free-wave initial
condition. It is instructive to ignore the background expansion and consider
the toy-model equation

Riyt + KRy + K*Ry, = 0. (5.6)

The solutions are oscillatory with an amplitude that gets suppressed or en-
hanced, depending on the sign of the friction parameter . It is straightfor-
ward to derive the solution for a friction term that vanishes at all times apart
from the interval 0 < ¢ < t,, by requiring the continuity of the solution and
its first derivative at ¢t = 0 and t,,.

For an early-time solution Ry(t) = e~**!, the evolution is depicted in fig.
5.1. We observe the suppression of the amplitude for positive x and the
enhancement for negative k. However, the most striking feature is the ap-
pearance of oscillations in the amplitude. Their origin lies in the modification
by the “pulse” of the relative phase between the real and imaginary parts.
For sufficiently large |s| the relative phase in the late stage of the evolution
almost vanishes (as in the plot), so that the amplitude approaches zero at
certain instances. In the cosmological context, the oscillatory form of the
evolution as a function of time can be transferred to the spectrum of pertur-
bations. At late times, each mode k exits the horizon and eventually freezes.
This can occur at any point of the oscillatory cycle, depending on the value
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Figure 5.1: The real part (dashed curve), the imaginary part (dot-dashed
curve) and the amplitude (solid curve) of the solution of eq. (5.6) with
k =2, for a “pulse” in the interval 0 < ¢ < 0.5. We also display the “pulse”,
with a rescaled maximum /5. Left plot: k = 5. Right plot: k = —5.
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Figure 5.2: The real part (dashed curve), the imaginary part (dot-dashed
curve) and the amplitude (solid curve) of the solution of eq. (5.6) for a
“pulse” with x = 10 in the interval 0 <t < 0.5. We also display the “pulse”,
with a rescaled maximum x/10. Left plot: k& = 10; right plot: k£ = 3, in
arbitrary units.

of k. As a result, the asymptotic values of the perturbations depend strongly
on the freezing time, and the spectrum displays oscillations as a function of
k.

As we mentioned in the previous chapter, it is known that it is possible to
obtain an oscillatory pattern in the spectrum if inflation stops for a certain
time interval, so that modes that had exited the horizon reenter and start
oscillating again until their next exit. However, our toy example implies a
more general pattern: Any feature during the evolution of the perturbations
that detunes the relative phase between the real and imaginary parts of the
solution results in an oscillatory spectrum, even if inflation is not halted.
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Another interesting property of the late-time evolution is displayed in fig.
5.2: The relative suppression of the amplitude of a mode for a given positive
friction parameter x is larger for higher wavenumber k. This is counter-
intuitive at first sight, as one would expect the last term of eq. (5.6) to
become more dominant for larger k£ and limit the suppression induced by
the second term. However, the opposite happens. For small k, the strong
friction tends to freeze the evolution during the “pulse”, so that the real and
imaginary parts resume their oscillations after the “pulse” with amplitudes
comparable to the initial ones. As a general rule of thumb, for a duration of
the “pulse” of order 1, a strong suppression of the solution occurs for k 2 k.

5.1.3 Analytical expressions for “pulses”

We turn next to the analysis of eq. (5.1). For constant f(/N) =  the solution
involves a linear combination of the Bessel functions J.,/, and has the form
Ry (N;C,p, Cppy k) = Ae~2rN <C’,,J,.;/2 (e‘Nﬁ) + Cm J_i)2 (e_Nﬁ>) .

H H

(5.7)
Let us suppose that the coefficients of the solution C,,, C,,, are known for a
range of efoldings for which k takes a specific value k;. If this range is followed
by a transition at N = Ny, to a second range in which x takes a differrent
value k¢, we would like to compute the corresponding values of the coefficients
Cyp;> Cpny. This can be achieved by requiring the continuity of the solution
and its first derivative at N = Ny;. A similar analysis has been performed
in refs. [153,154], using conformal time as the independent variable. We aim
here at providing a more transparent picture of the oscillatory patterns in
the spectrum, by identifying the characteristic frequencies.

We find that the new coefficients are given through the relation

C’pf — e Cpi
(ij) = M(Nfz,/{“/{f,k) (le) s (58)

where the matrix M (Ny;, ki, k¢, k) has components

k k k k
_ ~Ny; o [ o Ny . ~Ny; o [ o= Ny
My = C<J_~2f <e s H> Joqq i <e f H> +J,_ Ji <e s H) J; <e ! H>
k

M12 = C

)

(e g (8 s () )
= 0o (Y s () g () 1y ()

< e i i P— ) J ks [ e )

5
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with .
C = ge%Nfi(72+”f7”i)E cse (%) . (510)

The above matrix has the property
M(Nygi, b, kg, k) - M(Nyiy Kiy Ky k) = M(Nyy, kiy kg, k).

This implies that we can select the value K = 3 as a reference point for all
transitions between different values of k.
The next step is to define a matrix corresponding to a “pulse” of height

k different from the value corresponding to the scale-invariant case. The
function f(NV) is

f(N) =& (O(N — N1) — O(N — N)) (5.11)
and the corresponding matrix is given by the relation
Mpulse(Nla Ng, K, k) = M(NQ, K, 3, ]{) . M(Nl, 3, K, k) (512)

As we explained earlier, the increase of the power spectrum relative to the
scale invariant one is given by the value of |C,,|* after a mode of given k
has evolved past the strong features in the background. A product of several
M,u1se matrices can reproduce the final values of the coefficients (C,, Cy,)
of the Bessel functions Ji3/, after the fluctuations have evolved from an
initial configuration corresponding to (C,, Cy,) = (1,4) through a period of
strong features in the function f(N). Clearly, it is possible to reconstruct
any smooth function f(N) in terms of short intervals of N during which the
function takes constant values. Multiplying the corresponding My, matri-
ces would provide a solution to the problem of the evolution of perturbations.
However, such an approach is not very efficient for a numerical solution. We
are mainly interested in obtaining intuitive analytical expressions for forms
of f(N) such as those depicted in fig. 4.1, for which a product of a small
number of M,,;s. matrices suffices.

Simple analytical expressions can be obtained in the limits of large and
small k, using the corresponding expansions of the Bessel functions. For a
large real argument we have

Using this expression we find for large k

(c00) _ —2(Na—N1)(k—3) 10 1 . E St Si2
Mpulse(NlaN%K?k) =e 2 {(O 1) + 8(:‘€ 3) 2 521 522
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where

k k
S = 2e¢Msin (26N1E> — 2™ sin (2€N2—> ,

k k
Sig = —eM(1+r+2cos (2™ ) ) +eM (14 Kk+2cos (22— ),
H H
k k
Soy = eV <1 + Kk —2cos (26_N1E>) — e (1 + Kk — 2cos <26_N2ﬁ)> ,

k k
Sy = —2eMsin (26_Nlﬁ) + 2e™ sin (2€_N2ﬁ> . (5.15)

Keeping the leading contribution, we find that the power spectrum is scale
invariant at late times (or N — o0) for k — oo, but has a value multiplied
by the factor

2
[M%“)] = |Cp|? = e e M(5=8), (5.16)

relative to its scale-invariant value for modes that have sufficiently small £, so
that they exit the horizon and decouple very early with C,,, = i, without being
affected by the features in f(N). The exponent in the above expression is
simply the area of the “pulse” exceeding the value 3. For k > 3 the spectrum
is suppressed, while for xk < 3 it is enhanced. By breaking a general function
f(N) in infinitesimal “pulses”, it is easy to see that the enhancement is given
by the more general expression

[Mg;@f — oxp (- /_ TN = 3) dN) | (5.17)

[ee]

The corrections subleading in H/k introduce oscillatory patterns in the spec-
trum. The characteristic periods can be deduced from egs. (5.15). The
spectrum is expected to have a deep minimum once per period, i.e. at inter-

vals 6k/H = M7 and 6k/H = e™2mr. Moreover, when N; ~ N, we expect

interference patterns.

Analytical expressions for & — 0 are more difficult to obtain because
the (1,2)-component of the matrix M, scales as 1/k in this limit. As a
result, the effect of several “pulses”, which involves the product of several
such matrices, is not described by a simple analytical expression. However,
the components (2,1) and (2,2), which are relevant for the spectrum, are
simpler. The (2, 1)-component becomes nonzero only at order (k/H)?, while
the (2,2)-component is equal to 1+ O ((k/H)?). So, up to order (k/H)?, the
(2,2)-component is sufficient for the calculation of the spectrum. We give the
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Figure 5.3: The (2,2)-component of the matrix M, defined in eq. (5.12)
(solid curve), along with the approximations for large k/H (dashed curve)
and small k/H (dot-dashed curve). Left plot: Ny =0, Ny = 0.5, kK = —5b.
Right plot: N; =0, N, = 0.5, k = 10.

result for the sequence of two “pulses”:

Mlg’g)lse(Nlﬁ N27 N37"Qla K2, k)|2,2 = [M(N37 K2, 3a k) ' M(N27 R1, k2, k) : M(va 3a K1, k)]272
1 k 2 K1 — 3
=1 —_ = I (_2 -3 N1i(k1—2)—Nakq 3 _9 —2N1 _ —2N2)
+ 5 (H) X [m(m Y (k1 —3)e +3(k1 — 2)e ki€
B 2(k1 — 3) (k2 — 3) (ez\fgm2 B eNQKg) (672N27N3K2 B eNl(n172)7N2K17N3K2)
ka(k1 — 2)
kg — 3 ( Na(ka—2)— N3k _2N. _2N. )
- _2 _ 3 2 2 3R2 3 _ 2 2 3 .
oy (k2 — 3)e + 3(ka — 2)e Koe

(5.18)

For k9 = 3 the second “pulse” is eliminated and only the first term in the
bracket survives, while for k1 = 3 the first “pulse” is eliminated and the last
term survives. For kq, ko # 3 there is a mixing term, which indicates that
the effects of the various “pulses” are not simply additive, even within this
approximation.

The oscillatory behaviour of the solutions can be observed in the com-
ponents of the matrix M, defined in eq. (5.12). In fig. 5.3 we depict
the (2,2)-component of this matrix (solid lines) for Ny = 0, Ny = 0.5. This
component gives the leading contribution to the power spectrum. The left
plot corresponds to a negative-friction “pulse” with k = —5 that causes the
enhancement of the spectrum. The right plot is obtained for positive fric-
tion k = 10 that leads to suppression. The asymptotic expansions of this
component for large k/H (dashed curve), given by eq. (5.14), and small
k/H (dot-dashed curve), given by eq. (5.18), are also plotted. Oscillatory
behaviour is observed, associated with interference patterns from two almost
equal frequencies corresponding to dk/H = eMr and dk/H = eM2r. Tt is
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interesting that the oscillatory frequencies are correctly reproduced by the
asymptotic expansion even for small k/H. Another feature that can be ob-
served is the strong decrease of My, for k/H 2 k/2 for positive x, in
agreement with the discussion at the end of the previous subsection.

5.1.4 The integral of f(NV)

The form of f(V) that we assume in our discussion should result from the
time evolution of the parameters ey and ny. We saw at the end of subsection
5.1.1 that the integral of this function over N is constrained by eq. (5.5). In
this subsection we discuss the type of field evolution, as given by the function
© N, that is consistent with our approximate treatment.

The Mukhanov-Sasaki equation (4.3) implies that the Wronskian of each
Fourier mode of its solution

W] = —i(vg vy — vivy) (5.19)

remains constant during the evolution. Here the prime denotes a derivative
with respect to conformal time 7 = —e™ /H. As we know, the solution of
eq. (4.3) plays the role of the mode function in the canonical quantization
of the field v. For the Bunch-Davies vacuum, the initial condition at early
times, when k? > 2”/z, is chosen so that the mode function has the standard
form in Minkowski spacetime. Selecting positive-energy solutions fixes the
sign of the Wronskian to be positive, while the appropriate normalization
results in Wvg] = 1. This choice is automatically preserved at later times if
vy is a solution of eq. (4.4). This can be seen by multiplying eq. (4.4) by v;
and subtracting the conjugate of the same equation multiplied by vy.

We have based our analysis on the curvature perturbation Ry, related to
vk through Ry = —uw/z, with z = eV ¢ n. The consistency of our approxi-
mation of describing f(N) through a sequence of “pulses” implies a specific
form of ¢ n during the evolution through the strong features in the potential.
We can deduce this form by considering the Wronskian of Ry

W[Uk] 1

The solution (5.7) gives
WIRy] o i (C,Cy, — CC) exp((1 — k)N). (5.21)

Consistency with eq. (5.20) requires that ¢ x o exp((k — 3)N/2). The in-
flaton “velocity” must grow fast with N for x > 3, and decay for K < 3.
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This is the behaviour observed in all cases of fig. 4.1. We have already men-
tioned that any function f(V) can be reconstructed as a sequence of very
short “pulses” of variable height x. For small N the change of ¢ y, starting
from some initial value at N = 0, is linear in N with a slope proportional to
k. Thus, by breaking f(N) into many “pulses” one can obtain the required
evolution of ¢ y as a function of N. In this sense our analysis is very gen-
eral. For consistency, of course, the deduced evolution must result from an
appropriate inflaton potential.

Our main aim is to obtain an intuitive understanding of the form of the
spectrum by focusing on the gross properties of f(N). Let us consider a
feature in the evolution resulting from two successive “pulses” with heights
k1 and ko, between early and late slow-roll regimes with x = 3. The solution
after the feature is traversed is given by eq. (5.3) with

(gp) = M(N37H2737k) : M(N27'%17/€27k:) : M<N1737"€17k) (1) 9 (522)

where the matrix M is given by eq. (5.9). Before the “pulse” we have
i(C,Crr, — CnC) /2 = 1, while after the “pulse” one finds

%(CPC; _ CmC;) — ¢~ (n2—m1)(k1=3)—(n3—n2)(k2—3) (5.23)
The exponent is exactly (minus) the integral of f(INV) — 3. By comparing the
Wronskian W[Ry] at late and early times (before and after the “pulses”), it
becomes clear that the quantity (5.23) is equal to the ratio (¢%)_/ (¢%),,
with both quantities being constant. In this way we reproduce the result of
eq. (5.5), under our assumption that H;/H, ~ 1.

Let us summarize the basic points: According to our assumptions, the
system is in a slow-roll regime during an early and a late period, with values of
the Hubble parameter that we have approximated as equal. We can assume
that the values of ¢ n are also approximately equal during these periods.
These assumptions isolate the effect of the strong feature in the intermediate
part of the evolution from the properties in the slow-roll regimes. During
the intermediate part the inflaton “velocity” ¢ y changes fast, by growing
or decaying depending on the sign of f(N) — 3. The integral of f(N) — 3
over N must vanish for ¢ y to have equal values at early and late times. For
realistic situations one must take into account the breaking of scale invariance
in the slow-roll regimes as well. However, these are included in the standard
slow-roll analysis and are not of interest to us here.

Finally, it can be checked through the asymptotic form of the Bessel
functions that for both £ — 0 and k& — oo, and for a vanishing integral of
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Figure 5.4: An illustration of the approximate form of the function f(N)
that we assume for the analytical study. Left panel: a double-“pulse” model,
with a positive-friction “pulse” followed by a negative-friction one. Right

panel: the double-“pulse” form assumed in the three examples resulting in
the spectra of figs. 5.5, 5.6, 5.7.

f(IN) — 3, we have (C,,C,,) = (1,1) at all times during the evolution. This
indicates that the low- and high-k modes are not affected by the presence of
the feature. As a result the scale-invariant form of the spectrum is modified
only for a finite range of wavenumbers k.

5.1.5 Examples of spectra

In this subsection we consider spectra that display the features we discussed
in the previous subsections. The range of possible spectra is large, as we
do not focus on a particular underlying model, but simply consider various
forms of the function f(N) defined in eq. (5.2). We assume that the integral
of f(N) — 3 over N vanishes, so that the spectrum is scale invariant with
the same amplitude for very low and very high wavenumbers k. We focus
only on the relative enhancement of the spectrum at intermediate scales as a
result of the presence of strong features in the underlying inflaton evolution.
As the absolute scale of the spectrum is not of interest for our discussion,
we set A =1 in eq. (5.3). We discuss next three particular examples of the
form of the friction function f(N).

In our first example (Ex. 1) the spectrum results from a function f(V)
which is displayed in fig. 5.4. The feature consists of a positive-friction
“pulse” with k; = 80 in the interval between N; = 0 and Ny = 0.2, followed
by a negative-friction “pulse” with k9 = —3 in the interval between Ny = 0.2
and N3 = 2.77. The value of the spectrum for a given value of k/H is equal
to |C,,|?, where (C,, C,,) are given by eq. (5.22). The result is depicted by
the middle curve of the top plot in fig. 5.5, in the k-range k/H = 1072 — 103
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that corresponds to N >~ —4.6 up to 6.9. In the same figure we also display
the spectra that would result from a single “pulse”. These are computed
from the expression

(gp) :M(N27/{1a37k)'M(N1a3>'%1ak) (1) ) (524)
for the positive-friction “pulse” (lower curve in fig. 5.5), and
(&) =Moo a3 (7). G9)

for the negative-friction “pulse” (upper curve in fig. 5.5). As we discussed in
the previous subsection, the fact that the integral of the function f(N) —3
over N does not vanish for these cases means that the quantity go?N changes
across the “pulse” by a factor equal to the exponential of this integral. The
two slow-roll regimes are quite distinct in this case and the effect of the
“pulse” is not clear. We display the spectra because they provide intuition
on the features appearing in the two- “pulse” spectrum, for which the integral
of f(N) — 3 vanishes. Details for the latter are presented in the next two
plots of fig. 5.5, for two successive k/H ranges on a linear horizontal axis.
Notice the huge difference in the scale of the vertical axis in the two plots.
Several features of the spectra are apparent in these plots:

1. The two-“pulse” spectrum has a first minimum at a value of k/H well
approximated by the positive root of the polynomial of eq. (5.18).

2. The subsequent strong increase of the spectrum results from the effect
of the negative-friction “pulse”. The spectrum reaches a maximal value
comparable to that of the negative-friction single-“pulse” spectrum. A
rough estimate can be obtained from the asymptotic value of the single-
“pulse” spectrum, which is exp((N3 — No)(3 — ko)) = O(107).

3. The envelope of the positive-friction single-“pulse” spectrum (lower
curve) displays a sharp drop to almost zero at a characteristic value of
k/H. As we discussed earlier, we expect that the positive friction will
affect most strongly the high-k£ modes. A more quantitative estimate
can be made by observing that the matrix M of egs. (5.9) involves
the Bessel functions Ji,, /2 and J4i44, /2. For large s, these functions
have a zero at a value of their argument roughly equal to x;/2. The
relevant argument in our case is e Vk/H, with N ~ (N;+N,) /2. Thus,
we expect the spectrum to approach zero at k/H =~ Nk /2 ~ 44,
consistently with what is observed.
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Figure 5.5: Middle curve: Spectrum resulting from a double “pulse” with
Ny =0, Ny = 0.2, N3 =277, k; = 80, ke = —3 (Ex. 1). Upper curve:
Spectrum resulting from a negative-friction single “pulse” with ky = —3
between Ny = 0.2, N3 = 2.77. Lower curve: Spectrum resulting from a
positive-friction single “pulse” with x; = 80 between N; =0, Ny = 0.2.

4. For k/H — oo, all three spectra become asymptotically constant, with
values given by the exponential of the integral of f(/NV)—3 over N. For
the middle spectrum, we have fine-tuned this integral to zero, so that
the spectrum returns to the value 1 to which we have normalized the
spectrum for £ — 0.

5. Apart from the main features that we described above, which are con-
sistent with the general expectations [149], the spectra display oscil-
lations with characteristic scales. As we discussed in subsection 5.1.3,
the asymptotic expansions of eqs. (5.15) indicate that the spectrum
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Figure 5.6: Middle curve: Spectrum resulting from a double “pulse” with
Ny =0, Ny =1, N3 = 3, ki = 15, ke = =3 (Ex. 2). Upper curve:
Spectrum resulting from a negative-friction single “pulse” with ko = —3
between Ny = 1, N3 = 3. Lower curve: Spectrum resulting from a positive-
friction single “pulse” with k; = 15 between Ny =0, Ny = 1.

should oscillate with periods 6k/H ~ eMm = 3.1, 6k/H ~ eN2mr = 3.8
and 0k/H =~ e™*m = 50. These characteristic modes, as well as inter-

ference patterns between them, are visible in the bottom plots of fig.
5.5.

The most important conclusion that can be drawn from this example is
that strong features in the background evolution can induce a spectrum of
fluctuations which displays, apart from an enhancement by several orders of
magnitude, strong oscillatory patterns. This is clearly visible in the bottom
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Figure 5.7: Middle curve: Spectrum resulting from a double “pulse” with
Ny =0, Ny = 1.95, N3 = 2.05, k1 = —3, ko = 120 (Ex. 3). Upper curve:
Spectrum resulting from a negative-friction single “pulse” with Ny = 0, Ny =
1.95, k1 = —3. Lower curve: Spectrum resulting from a positive-friction
single “pulse” with ko = 120 between Ny = 1.95, N3 = 2.05.

left plot of fig. 5.5.

We turn next to our second example (Ex. 2). The oscillatory features in
the spectrum are less pronounced for different forms of the “pulses”. Reduc-
ing the height of the positive-friction “pulse” leads to a suppression of the
spectrum at smaller values of k/H. As a result, the oscillatory patterns may
be confined within the high-k part of the spectrum, which does not get en-
hanced. This is visible in fig. 5.6, where we plot the spectrum in the k-range,
k/H = 1072 —10? or from N ~ —4.6 up to 6.9. The spectrum results from
a positive-friction “pulse” with x; = 15 in the interval between N; = 0 and
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Ny =1, followed by a negative-friction “pulse” with ko = —3 in the interval
between Ny = 1 and N3 = 3. The drop of the spectrum arising from only the
positive-friction “pulse” is expected to appear at k/H ~ ek, /2 ~ 12, where
N =~ (N; + N)/2. Indeed, the small-k region displays a large enhancement,
but the oscillations appear only at large values of k/H, at which the spectrum
is suppressed. The bottom left plot of fig. 5.6 shows that the enhanced part
of the spectrum is smooth in this case. The expected oscillatory modes with
periods 0k/H ~ M7 = 3.1, 0k/H ~ ™7 = 8.5 and 0k/H ~ ™7 = 63, as
well as interference patterns between them, are visible in the bottom right
plot of fig. 5.6.

Our third example (Ex. 3) demonstrates that spectra with a different
structure can result from different forms of the function f(/N). More specif-
ically, the positive- and negative-friction “pulses” may occur in the reverse
order compared to the one we assumed up till now. In fig. 5.7 we plot the
resulting spectra in the range k/H = 1072 — 10* (N ~ —4.6 up to 6.9) con-
sidering an effective friction function f(N) composed of a negative-friction
“pulse” with k; = —3 in the interval between N; = 0 and Ny = 1.95, followed
by a strong positive-friction “pulse” with ko = 120 in the interval between
Ny = 1.95 and N3 = 2.05. The reduction of the spectrum is expected at a
scale k/H ~ eNky/2 ~ 440, where N ~ (N, + N3)/2. The oscillatory pat-
terns have characteristic periods 0k/H ~ eN7 = 3.1, 6k/H ~ M2 = 22.1
and 0k/H ~ e™3m = 24.4. All these features, as well as strong interference
patterns arising from the proximity of two characteristic periods, are visible
in fig. 5.7.

5.1.6 Sharp feature approximation

Explicit expressions can be obtained for the case of a “pulse” of large positive
amplitude and very short duration. For large positive values of x and a short
interval 0N, we can approximate the Bessel function as

Ju(z) = ﬁ (g) (1 - m + (’)(24)> . (5.26)

We find that

H (T, T 1 k>
M(sharp) N _ Nt 11 12 1 - —N1 'V D)
g = (7 1) (1o (5 (M) ) ean
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where
T, = ( Nl%) ( Nl%cos (eM%) — sin <6N1§>) :
k k k k
fia = o) (g () re ()
151 = sin (e ng) ( Nl%cos (e_ng) — gin (e_m%)) ,
k. N N K
Ty = sin (e M ) ( Nlﬁsm (e Nlﬁ) + cos (e Nlﬁ>) (5.28)

For k/H < e™N'\/2k the presence of the “pulse” does not induce a suppres-
sion of the perturbation. The only effect is the introduction of oscillations in
the spectrum. The spectrum is expected to have a deep minimum once per
period, i.e. at intervals 0k/H = ™. The suppression of the perturbation
by exp(—k0N) is expected to occur for k/H % eN+/2k.

After a step in the potential is crossed, the inflaton settles in a slow-roll
regime on a flat part of the potential. During the approach to slow-roll, the
evolution is dominated by the first two terms in the equation of motion of
the background field: ¢ + 3H qﬁ = 0. This means that, during an interval
Ny < N < Ny, we have ng ~ 3 and k = —3. We can deﬁne the matrix

MOENI (N Ny, k) = M(Na, —3,3,k) - M(Ny, 3, —3, k) (5.29)
in order to account for the effect on the curvature perturbation, similarly to
the treatment above. Then, the total effect on the coefficients of the Bessel
functions, arising from crossing a step in the potential, is given by

(Cpf) _ M(negative)<N17N2’ k) . M(sharp) (Nla k) <:ZI_> . (530)

pulse pulse
my

The value of the spectrum relative to the scale-invariant case is determined
by |C, ; 2. We can obtain an explicit expression for the enhancement of the
spectrum by evaluating C,,, through eq. (5.30), keeping the leading contri-
bution for Méi}fsgp)(]\fl, k). By defining k = e Mk/H and € = exp(—No+Ny),
we find

1+ k2
4612;;,12

. . . . . N2
<A1 sin(k) + Az cos(k) + Az sin(k — 2¢k) + Ay cos(k — 26k)) :
(5.31)

’Cmf’2 =
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with

Ay = 9k + 9%k — 66%k3 + 26%k°

Ay = 9— 3k + 9k% — 3%k + 66°k*

As = —9k+ 18¢k — 6¢k® 4 92k°

Ay = —94 3k% — 18ek? 4+ 96%k* — 3e%k*. (5.32)

In order for a step to increase the spectrum by several orders of magni-
tude, one must have No — N; 2 1. Modes with e™™k/H = O(1) satisfy
e NMk/H < 1. In this momentum range we can expand eq. (5.31) in € and
keep the leading contribution

41+ k?)

|C’ ’2 ~ 8(N2—N1)

(3/5 cos(k) + (=3 + k?) sin(l%))2 : (5.33)

The maximal enhancement is given by eq. (5.17), taking into account only the
contribution from the negative “pulse”. There is also oscillatory behaviour
induced by sines and cosines of exp(—Nj)k/H. The combined effect indicates
that the power spectrum near its maximum is enhanced through the negative
“pulse”, but also develops strong oscillations at intervals 6k/H = eVi7r. We
emphasize that the expressions (5.31) and (5.33) are valid only near the
maximum of the spectrum. They do not account for the expected drop of
the spectrum for e=V'k/H % /2k, with « the height of the positive sharp
“pulse”.

In fig. 5.8 we test the accuracy of the various analytic results of this
subsection in the case of square “pulses”. The top row displays the spectra
for two cases: a) a positive “pulse” of height x = 100 between N; = 0 and
Ni = 0.05, followed by a negative “pulse” of height —3 between N| = 0.05
and Ny = 0.858, and b) a positive “pulse” of height x = 50 between N; = 0
and N] = 0.1, followed by a negative “pulse” of height —3 between N = 0.1
and Ny = 0.883. These are simplified versions of the typical evolution of
f(IV) when the background inflaton crosses steps in the potential of variable
steepness. The integrated area of the negative “pulse” is approximately the
same in both cases, so that a comparable enhancement of the spectrum is
expected. The spectra in the top row have been computed through the
numerical solution of eq. (5.1) and the complete expression of eq. (5.30).
These methods agree very well. The bottom row displays the approximation
of eq. (5.31) (left plot) and the approximation of eq. (5.33) (right plot).
Both these expressions assume Nj ~ Nj, while they do not depend on the
height x of the positive “pulse”, as long as this is very large. We have used
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Figure 5.8: The power spectrum induced by a positive “pulse” of height x
between N7 and V], followed by a negative “pulse” of height —3 between V|
and Ns, as a function of k = e~NMk/H. Top row, left plot: x = 100, Ny = 0,
Ni = 0.05, Ny = 0.858. Top row, right plot: « = 50, Ny = 0, N] = 0.1,
Ny = 0.883. Bottom row, left plot: The approximation of eq. (5.31) for
Ny = 0, Ny = 0.833. Bottom row, right plot: The approximation of eq.
(5.33) for N; =0, N, = 0.833. We have symbolised Pr = A%.

Ny = 0, Ny = 0.833. It is apparent that eq. (5.31) reproduces very well
the form of the spectrum for e=™k/H < V2k. For larger values of k, the
expected drop of the spectrum is not captured by this approximation. The
deviation is clearer in the right plot, for which  is smaller and the drop
sets in earlier. On the other hand, eq. (5.33) is a cruder approximation.
However, its simplicity makes it very useful for estimating the magnitude of
the enhancement of the spectrum, as well as the fundamental frequency of
oscillations.

5.1.7 Multiple “pulse” features

In this subsection we examine the effect on the power spectrum of several
“pulses” in the evolution of f(N). A similar effect has already been discussed
in the previous chapter through a numerical solution of eq. (5.1).

We specialize in the case of “pulses” generated through steps in the in-
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Figure 5.9: Power spectra induced by successive occurrences of a feature
consisting of a positive “pulse” of height k = 50 between N; = 0 and Nj =
0.1, followed by a negative “pulse” of height K = —3 between N = 0.1
and Ny = 0.883. Top row: one feature (left plot), two features (right plot).
Bottom row: three features (left plot), four features (right plot).

flaton potential. The effect of one step is captured by the relation (5.30).
In most cases one step is not sufficient to induce an enhancement of the
spectrum by more than three or four orders of magnitude. It must be noted,
however, that an enhancement by up to seven orders of magnitude is possible
for an appropriately engineered potential and step profile [155]. The gener-
alization to several steps is straightforward, through the inclusion of several
M ,yise matrices, and can lead to further enhancement.

In fig. 5.9 we present spectra induced by one or more features in the
evolution of f(NN), consisting of a positive “pulse” of height x = 50 between
N; = 0 and N{ = 0.1, followed by a negative “pulse” of height r = —3
between N{ = 0.1 and N, = 0.883. We present four spectra, arising when
one, two (top row), three or four (bottom row) such features occur, one im-
mediately after the other. As has been discussed in the previous chapter,
such features result from multiple steep steps in the inflaton potential. The
spectra obtained for one feature are consistent with those derived through
similar approaches [149,156]. Moreover, it is apparent that multiple features
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act constructively, increasing the enhancement of the spectrum. A multitude
of characteristic frequencies also appear through the dependence of the spec-
trum on combinations of the form e ik/H, with N; corresponding to the
time that a sharp transition occurs in the evolution of f(N).

It is important to note that the various sets of “pulses” should be placed
close to each other for the enhancement of the power spectrum to be signif-
icant. Similarly, the corresponding steps in the inflaton potential must be
close. If we increase the distance in efoldings between the sets of “pulses”,
the additive effect is not as strong. Beyond a certain distance, each set acts
independently on the spectrum, giving a moderate enhancement within a
different k-range.

5.2 Analytical treatment for general f(N)

5.2.1 Integral equations

In this subsection we derive analytical expressions for the curvature spectrum
resulting from an arbitrary friction function f(N). We start by rewriting eq.

(5.1) as ,

k
Ry NN + 3Ry N + Wsz =(3— f(N))Rk,N- (5.34)

We would like to compute the Green’s function G(N,n) for the operator in
the lhs. This function satisfies the equation

k’2

Gk,NN(N, n) + 3Gk’N(N, TL) + mGk(N, n) = 5(N — TL) (535)
Then, the solution of eq. (5.34) is
Ri(N) = Rp(N;1,4,3) + / Gr(N,n) (3 — f(n)) Rgn(n)dn, (5.36)
with
_ , 2 (H\" (. vk vk
Ri(N;1,i,3) = — - (E) (Z +e E) exp (ze ﬁ) (5.37)

the solution of the homogeneous equation, corresponding to f(N) = 3.
The evolution is classical, so we must use the retarded Green’s function,
which satisfies G~ (N,n) =0 for n > N. For n < N the Green’s function is

G (N,n) = e 2V (A(n)J3/2 GN%) + B(n) J_s) GN%)) . (5.38)
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The total Green’s function is continuous at N = n. Its first derivative has a
discontinuity, obtained by integrating eq. (5.35) around N = n. This gives
0Gr<(N,n)/ON|y=n = 1. Imposing these constraints results in

An) = —\/ge?m (%); [cos (5”%) + e‘"%sin (e_”%)](5.39)
B(n) — \/ge?’" (%)_ [en%cos (e”%) ~ sin (eng)] (5.40)

Despite its simple form, it is difficult to find solutions of eq. (5.36).
However, the equation becomes simpler for N — oo, which is the limit of
interest for the late-time spectrum. From eq. (5.38) we obtain

Gre(N,n) — —\/g (%)3/2 B(n) (5.41)

in this limit. Eq. (5.36) now becomes

o) = Retoer 1,632 (2) [ 6 ) B Bty
(5.42)

[SI[9Y

with

B ’ 2 /H 3/2
Ry (00;1,4,3) = —i - (k) : (5.43)
Even though an analytical solution of this equation is not available, some
conclusions about its form can be drawn when the function f(N) displays
strong features. The clearest example is a feature that can be approximated
through a J-function centered at N;. The integration over n results in an
expression that includes sin(e ™ k/H) and cos(e™k/H), producing oscil-
latory patterns. A similar conclusion can be reached if f(/N) involves sharp
step-like features approximated through ©-functions, as we discussed in the
previous section. These patterns are expected to become less prominent when
the features in f(N) become smoother.

An approximate expression, which can be considered as the first step in
an iterative solution of the above equation, can be obtained if we replace the
full solution Ry (n) in the integral with the solution for f(n) = 3, given by
Ry(n,1,i,3). We have

D : 2 k 2 —2n |, -n k : -n k
Ryn(n,1,4,3) = \/; (E) e [zcos (e E) — sin (e E)} )

(5.44)
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Figure 5.10: Curvature power spectra for various forms of the friction func-
tion f(NN) (blue and red curves), compared to predictions by eq. (5.45) (black
and orange curves).

Combining the above expressions, we obtain

Re(oc) = Ri(oc 1,1»,3){1 —ig [ pmyes
e () () o) (5] )

This result is expected to be valid only for cases without a large enhancement
of the spectum. However, it is a compact expression that can be used in order
to deduce the expected oscillatory patterns for a general form of f(N).

In fig. 5.10 we examine the validity of eq. (5.45) for f(N) with sharp
and smooth features. In the left plot of the first line we depict the sharp and
smoothed version (blue and red lines, respectively) of a friction function with
moderate deviations from 3. In the right plot we depict the corresponding
exact spectra (blue and red lines, respectively), as well as the ones computed
through the approximate expression of eq. (5.45) (black and orange lines,
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respectively). It is apparent that this expression captures with very good
accuracy the complicated oscillatory patterns: the blue and black lines, as
well as the red and orange lines, are in very good agreement. Small deviations
from the exact solutions are observed when the amplitude becomes large.
In the second line we repeat the calculation for a function f(N) with very
strong features that result in a large enhancement of the spectrum. The
limitations of eq. (5.45) in capturing the magnitude of the enhancement
become apparent. The agreement between black-blue lines and red-orange
lines is good only for large values of k/H, for which the deviations from the
scale-invariant spectrum are small (but still of O(1)). Clearly, higher orders
in the iterative solution of eq. (5.42) are needed in order to capture the
strong enhancement of the spectrum at small values of k/H.

Despite the limited range of validity of eq. (5.45), it is interesting that
the predicted oscillatory pattern appears in good agreement with the exact
result in all cases. This indicates that the characteristic frequencies are de-
termined by the convolution of the friction function f(n) with the functions
sin(e”"k/H) and cos(e "k/H) in eq. (5.42), even if Ry(n) deviates strongly
from the unperturbed solution Ry (n;1,4,3) of eq. (5.37). In this respect, eq.
(5.45) provides the means for estimating the frequencies that appear in the
power spectra for a general form of the friction function f(N).

5.2.2 System of differential equations
It is apparent that we can rewrite eq. (5.36) as

Ri(N) = Ri(N;1,i,3) + / Gr(N,n) (3= f(n)) Rgn(n)dn, (5.46)

—00

as the function G(N,n) vanishes for n > N. Through a partial integration,
we can recast this equation as

Ru(N) = Re(N:1,,3) — / GV n) (3~ F(n))] Rum)dn, (547

—0o0

where we have used that G(N,N) = 0 and f(n) — 3 for n - —oo. The
form (5.38) of the Green’s function suggests the ansatz

Ri(N) = e 2V <D(N)J3/2 (M%) + E(N) J s (eN%>) . (5.48)
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Substituting in eq. (5.47) and matching the coefficients of the Bessel func-
tions, we obtain

D(N)=1- /N (% [A(n) (3 = f(n))] e 2" [Jg (e"%) D(n)
- (5.49)

+J s <e”%) E(n)|dn

) =i [ 2 (w3 - ) e [Js (e57) P
- (5.50)

+J_

Nl

() 0

In the first step of an iterative solution of the above equations, one substitutes
D(n) = 1 and E(n) = ¢ within the integrals in the rhs. For N — oo the
solution (5.48) is dominated by the term proportional to J_3/,. Making use
of a partial integration within the integral in eq. (5.50), we recover the
approximate solution (5.45).

In order to improve on this result, we can differentiate the relations (5.49),
(5.50) with respect to N, in order to obtain a system of two first-order dif-

ferential equations:
aw (2i) =700 (23). 5

where
F(N) = e 3N ax [AN) (F(N) = 3)] Js (e ) gk [AN) (F(N) = 3)] T_s (e
2 BN (F(N)=3)]Js (e V) & [BON) (F(N) = 3)]J_3 (e
(5.52)

The matrix F(N) has vanishing determinant. Its nonzero eigenvalue is
3 — f(N). The system of equations (5.51) can be solved numerically with
the initial condition (D(N), E(N)) = (1,4) that corresponds to the Bunch-
Davies vacuum. This formulation provides an advantage over the numerical
solution of eq. (5.1), for which the initial condition is strongly oscillatory.
Moreover, it makes it straightforward to analyze alternative assumptions for
the vacuum.

The solution of eq. (5.51) can be expressed as

BR)-an() e
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where Q(N) is the fundamental matrix. An exact determination of Q(N)
in closed form is not possible because of the N-dependence of F(N). For a
slowly varying F'(IN) (adiabatic limit), an approximate solution is given by

Q(N) = exp(C(N)),  C(N) = /_ F(n) dn. (5.54)

[e.e]

In appendix A we provide an assessment of the accuracy of the approx-
imate expression (5.54) as well as (5.45) once again. Both approximations
give a very accurate description of the spectrum when its value is of order
1. When the spectrum is significantly enhanced, both approximations lose
accuracy. However, eq. (5.54) gives a reasonable approximation to the max-
imal value of the spectrum and its characteristic frequencies, even for an
enhancement by three orders of magnitude.
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Chapter 6

a-attractor models and
applications

In this chapter, we consider a specific theoretical framework in which we
construct inflationary models with step-like features in the inflaton poten-
tial. As we shall see, the conclusions of the two previous chapters apply
to these models. Moreover, the models can predict a significant abundance
of primordial black holes (PBHs) and produce induced gravitational waves
(GWs) that may be detected in the near future. For both PBHs and induced
GWs, we do not present a detailed review of the production mechanisms,
but we provide instead a short summary that is necessary for the clearness
of our calculations. This chapter is based on [151].

6.1 The framework of a-attractors

A specific framework, which we shall use as the basis for the potentials that
we shall consider, is provided by the models of a-attractors in supergravity
[157,158]. A toy model that demonstrates the role of symmetries is described
by the Lagrangian [159]

1 1 1 1
L=V=g|50x"x+ EX2R(9) — 50u00"6 — EaﬁzR(g)
(6.1)

— e FHoh) (¢ = )|,

which is invariant under the conformal transformation

G — 6_2”(I)gw,, o — e”(x)gzﬁ, X — e”(m)x. (6.2)
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For constant F(¢/x), there is a global SO(1, 1) symmetry that keeps y? — ¢?
constant. The field y does not have any physical degrees of freedom and
can be eliminated through the gauge-fixing condition x? — ¢* = 6. (All
dimensionful quantities are expressed in units of Mp;.) We parametrize the
fields as xy = v/6cosh(¢/v6), ¢ = v6sinh(p/v/6) [159]. The Lagrangian

becomes

L=+/—g %R(g) — % Ot — F? (tanh %)1 : (6.3)
A constant function F'(x), which preserves the SO(1,1) symmetry, results in
a cosmological constant in this formulation. The value of the cosmological
constant is not constrained by the symmetry and is arbitrary.

We can introduce a minimal deformation of the symmetry by assuming
that F(z) takes two different values over two continuous ranges of z, with
a rapid transition in between. A stronger deformation that has been used
extensively in the literature assumes that F'(x) has a polynomial form. We
shall employ a combination of the above choices by assuming that F'(x) has
the schematic form

F(z) =a2" + Z A; Oz — ), (6.4)

allowing for more than one transition points. In order to avoid unphysical
features in the evolution of the inflaton, each step-function is replaced by a
continuous function with a sharp transition at x;. A more general frame-
work is provided by the a-attractors [157-159]. The Lagrangian includes an
additional free parameter o and takes the form

L=v—g %R(g) - % 0O — F? (tanh \/%H . (6.5)

The potentials that result from our assumption for the function F'(x) with
positive A; are generalizations of the potential of the Starobinsky model [150],
with the addition of one or more steep steps. Allowing for negative values
of A; makes it possible to include inflection points in the potential as well.
As our analysis focuses on the phenomenological consequences of general
features in the potential, we consider parameters A; that can take values
over the whole real axis. Another important feature of the potential in eq.
(6.5) is the sharpness of the transition between ranges of constant vacuum
energy. This transition is modelled by a ©-function in eq. (6.4), but it is
smooth in practice. Its steepness affects the oscillatory patterns appearing
in the spectra. Because of our lack of understanding of the essence of the
cosmological constant, we refrain from explicit model-building, and treat the
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steepness as a free parameter. We only point out that the framework of a-
attractors results in the dependence of the potential on tanh(yp/v/6a), with
a a free parameter. This allows, in principle, for potentials with transitions
of arbitrary steepness.

6.1.1 Specific models

As we said before, we want to replace the step-functions in eq. (6.4) by
continuous functions. In practice, we assume the following form for the
function F"

F(z) = F, (:p + Z ¢; tanh (d(z — ;c,-))> . (6.6)

The corresponding inflationary potential for the field ¢ in the Einstein frame
(we regard v = 1)

V() = F? (tanh %) (6.7)

features n step-like transitions. (All dimensionful quantities are given in units
of Mpy.) Such a potential can lead to an enhancement of the power spectrum
of scalar perturbations at particular scales, which can be sufficiently large to
trigger PBH formation and induce detectable GWs. In addition, the shape of
the scalar power spectrum around its peak is characterized by an oscillatory
pattern that can be inherited by the tensor power spectrum. We will discuss
these notable phenomenological implications of potentials with steps in the
next sections.

The enhancement induced by a step has an upper bound corresponding
roughly to a multiplicative factor exp(—AN(k — 3)), see eq.(5.16). Here AN
is the interval during which the value k of the effective-friction term (5.2)
is smaller than the value k = 3 that results in a scale-invariant spectrum.
Negative values of k are realized when the background inflaton “decelerates”
on the lower plateau, after a sharp transition through a step in the potential.
During this stage, which lasts a few efoldings, we have ¢ vy ~ =3¢ y and
k ~ —3. As a result, a single step generally enhances the scalar power
spectrum by roughly two or three orders of magnitude. However, it is possible
that the potential includes several step-like features. In fig. 6.1 we plot a
set of specific examples of inflationary potentials with steps, described by eq.
(6.7). These potentials yield 50 to 60 efoldings after the crossing of the CMB
scale (k = 0.05Mpc™') and a spectral index value n, = 0.969, within the 68%
CL range of Planck [160]. The parameters of these models are ¢; = 7 x 1073.
We consider from one (n = 1) up to five steps (n = 5) in eq. (6.7), placed
at o1 = 5.7, py = 5.55, w3 = b4, pys = 5.25, w5 = 5.1, respectively. The
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Figure 6.1:  Left panel: The inflationary potentials described by eq. (6.7),
arbitrary placed on the ¢ axis in order to make the step-like structure visible.
Right panel: The function f(N) of eq. (5.2) in terms of the number of
efoldings for inflationary potentials with one and four steps.

value of Fj is adjusted each time in order to be consistent with the measured
amplitude of the spectrum at the CMB scale. For the initial value of the
inflaton field we choose pcyp = 6.33, so as to obtain appropriate values for
the spectral index n, and the number of efoldings N. The choice of the value
of the parameter d is not crucial, as long as it is taken sufficiently large for
the transition through the steps to occur quickly, but continuously. Typical
values are of order 103 — 105.

We also examine the inflationary dynamics of models that feature both
a step and a near-inflection point. The production of PBHs and induced
GWs due to the presence of a near-inflection point in the framework of a-
attractors has been studied in [53,56,161]. Such models result in a significant
enhancement of the scalar power spectrum, while the presence of a step-like
feature adds a prominent oscillatory pattern around the peak value. In fig.
6.2 we plot an example of such a potential, within the a-attractor framework,
with parameters ¢; = 8.70 x 1072, ¢y = —2.77 x 10™*. The step is placed
at 1 = 5.4 and a shallow nearly-inflection point exists at ¢ = 4.8. The
spectral index value for this model is n, = 0.968, within the 68% CL region
of Planck [160]. The number of efoldings after the crossing of the CMB scale
is N = 51 for an initial field value pcyp = 6.17. In figs. 6.1 and 6.2 we also
plot the function f(V) that determines key characteristics of the scalar power
spectrum, such as the amplitude and the oscillatory pattern, as discussed in
the previous chapters.

In the following sections we examine the cosmological implications for
PBH formation and GW production arising from the amplification of the
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Figure 6.2: Left panel: The inflationary potential with one step and
an inflection point as a function of ¢ in Planck units. The model gives
ns = 0.968 for an initial field value ¢cyp = 6.17 Mp). The inflection point at
Oinflec = 4.8 Mp is clearly visible through the magnification of the potential
in the box. Right panel: The effective-friction function f(NV) during the part
of the evolution in which it deviates from the standard value f(N) ~ 3.

scalar spectrum by the step-like features in the potential (6.7). Remarkably,
models of this type yield striking predictions for the induced GWs that render
them testable by the forthcoming GW detection experiments.

6.2 Primordial black holes

Inflationary potentials with steps enhance the amplitude of the primordial
density perturbations at particular scales and might lead to gravitational
collapse and PBH production. We review briefly the observational bounds
on the PBH abundance, relevant for our analysis.

In the largest part of the mass spectrum there are stringent upper bounds
on Qppu/Qpum arising from observational constraints, see fig. 6.3 for monochro-
matic PBH spectra. Light PBHs are constrained by the extra-galactic gamma
ray background (EGB); black holes of mass above 10!7g are subject to con-
straints from gravitational lensing of stars by Subaru (HSC), Ogle (O), EROS
(E) and MACHO (M), microlensing of supernova (SN) and other experi-
ments. The CMB anisotropies measured by Planck (PA) constrain the PBHs
with masses above 10%3g. In the large-mass region there are also constraints
from accretion limits in X-ray and radio observations and X-ray binaries
(XB), and dynamical limits from disruption of wide binaries (WB) and sur-
vival of star clusters in Eridanus II (Er). Advanced LIGO/Virgo searches
for compact binary systems with component masses in the range 0.2 — 1M
find no GW events. For a detailed discussion and references on the PBH
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constraints we refer the reader to [162].

The maximal value of the PBH abundance can be achieved in the mass
range Mppy ~ 1071 — 1071°M,. Here we focus on this mass window that
can be tested by near-future GW experiments, such as LISA. Nonetheless,
the parameters of the same inflationary model with step-like features can be
adjusted in order to generate PBHs in other mass windows, such as the O(10)
solar mass window that is relevant for the LIGO/Virgo observed events.

The theoretical framework for the PBH formation that we shall follow
next is based on the traditional Press-Schechter formalism [163]. Large den-
sity perturbations can create overdense regions that may collapse to form
black holes after the horizon reentry. We examine separately the two most
interesting cosmological scenarios for the very early Universe: the radiation
(RD) and matter domination (MD) scenarios.

6.2.1 Radiation-dominated era

For a Gaussian distribution function of the primordial density perturbations
and for spherically symmetric regions, the mass fraction of PBHs at formation
is

B(M)

1 _ 82 < . > 1 o(k) -2
= [ df————e 2°() ~ —erfc ~ e 20°(0)

5. +/2mo?(k) 2 V20 (k) NOZI

(6.8)
The parameter J, is the threshold density perturbation and erfc(x) is the
complementary error function. For é > §. density perturbations overcome
the internal pressure and collapse. The  parameter can be regarded as the
probability that the density contrast is larger than §.. The PBH abundance
is exponentially sensitive to the threshold d.. Different values for ¢, are
quoted in the literature, see e.g. [9,164-170], so that its precise value seems
to be rather uncertain. In the comoving gauge, ref. [168] finds 6. = 0.41 for
w = 1/3. Numerical simulations demonstrate that there is no unique value
for the threshold, because it depends on the density profile.

In the comoving gauge, assuming a nearly scale-invariant curvature power
spectrum for a few efoldings around horizon crossing, the curvature pertur-
bation R can be related to the density perturbation § as d(k,t) = 2(1 +
w)/(5+3w) (k/aH)? R(k,t). The variance of the density perturbations o (k),
smoothed on a scale k in the radiation-dominated era, is given by [171]

2 4\ ey —1\4 A2
20 =(5) [ e s, (6.9)
where A%(q) is the power spectrum of the curvature perturbations, usually
calculated numerically. Here W (z) represents the Fourier transform of the
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Gaussian window function. In order to estimate the mass spectrum of the
PBHs, the horizon scale at the time of reentry of the perturbation mode £
has to be related to the mass of formed PBHs. During the radiation era,
the wavenumber scales as k o gi/2g3_2/352/3a*1 and the Hubble horizon as
H x gi/%g;%382/3672, where S denotes the entropy, and g,, g, count the
total number of the effectively massless degrees of freedom for the energy
and entropy densities respectively. Assuming conservation of the entropy
between the reentry moment and the epoch of radiation-matter equality, the
relation between the PBH mass M and the comoving wavenumber £ is given

by

1
4rH3 _ 0% g«(T)\ © k -2
M(k) = ~ 2.4 % 107601, (L SR
k) =10, 10 @<0.2> (106.75) (1014Mpc1> ’
(6.10)

where we took the effective degrees of freedom g, and g, approximately equal.
The factor « gives the fraction of the horizon mass My that collapses to form
PBHs. Its value depends on the details of the gravitational collapse and an
analytical estimation [9] gives v = 0.2. The present ratio of the abundance of
PBHs with mass M over the total dark matter (DM) abundance, fppu(M) =
Qppu(M)/Qpy, can be expressed as

om0 = (3‘3{5]\140)‘14) <Q(l)j.h14;2>_1 (oiz>3 (10?5*.(75)_}1 (10]1%]\%%921)

The abundance of PBHs produced during RD can be significant if the
scalar spectrum is amplified by roughly 7 orders of magnitude. In our single
field models, described by the a-attractors potential (6.7), such an enhance-
ment is achieved if the potential involves several steps or a step and an
inflection point. In fig. 6.3 we plot the PBH fractional abundance for a
potential with a step and an inflection point, for the parameter values listed
in section 6.1.1. The scalar power spectrum of this model is depicted in fig.
6.5. For the estimation of the PBH abundance we assumed a threshold value
d. = 0.45 [167]. We see that, although the scalar power spectrum is char-
acterized by an oscillatory pattern around the peak, the PBH abundance is
predominantly monochromatic. However, the induced GW spectrum is much
more informative, as we will discuss in the following.

D=

6.2.2 Matter-dominated era

PBHs might also form in the matter-dominated era (MD). In the absence of
pressure, even minute perturbations will evolve and deviations from spherical
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Figure 6.3:  The red curve depicts the abundance of PBHs produced by an
inflationary model with a step and an inflection point during the RD era. The
blue curve depicts the abundance of PBHs produced by an inflationary model
with three steps during the MD era. The dashed curve is the PBH abundance
produced during the MD era for the double- “pulse” model (termed Ex. 3) of
fig. 5.7, in which a negative-friction “pulse” is followed by a positive-friction
“pulse”.

configurations play an essential role. Refs. [172-174] examined the PBH
production in a matter-dominated Universe and considered the non-spherical
effects during gravitational collapse. The PBH production rate § tends to
be proportional to the fifth power of the variance o [174]:

B(o) = 0.0560°. (6.12)

This expression has been derived with semi-analytical calculations and ap-
plies to 0.005 < o < 0.2, whereas for o < 0.005 the PBH production rate
is modified if there is significant angular momentum in the collapsing re-
gion [175]. The PBH fractional abundance is

feen ~ 1.3 x 10°y (6.13)

Tin
GeV'’
where T}y, is the reheating temperature.

There are two very interesting implications of PBH production during

the MD era. Firstly, the PBH abundance is found to be larger compared
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to RD for a given amplitude of the curvature power spectrum. Inflation-
ary potentials with steps, which enhance the curvature power spectrum by
4 or 5 orders of magnitude, can have an observational effect by generating
a significant cosmological PBH abundance. Secondly, the PBH production
during the MD era yields a PBH mass spectrum that is not predominantly
monochromatic. It has a distribution over a few orders of the PBH mass val-
ues, which might reveal a non-trivial shape for the underlying power spectrum
of the primordial density perturbations. Although the specific inflationary
models that we examine here do not have a very strong effect on the PBH
mass spectrum, inflationary models with steps can in principle produce mild
modulations in the distribution of PBHs. The blue curve in fig. 6.3 depicts
the PBH abundance produced by an inflationary potential given by eq. (6.7)
for three steps, with amplitude A% ~ 107* and T, ~ 10 GeV. In the same
figure, the dashed curve depicts the PBH abundance produced by the double-
“pulse” model of fig. 5.7 with A% ~ 1073 and T}, ~ 1 GeV. The spectrum
is sufficiently wide and oscillating in order to have an observational impact
on the PBH mass distribution.

6.3 Induced gravitational waves

Primordial density perturbations that seed PBHs also produce stochastic
GWs through the mode-mode coupling of the density perturbations beyond
the linear order in the perturbative expansion. The GW production takes
place mainly at the time when the perturbations reenter the Hubble horizon.
If density perturbations enter during the RD era, the stochastic spectrum
of second order GWs can be computed following cosmological perturbation
theory [176-185]. The same density perturbations will also produce PBHs
with abundance proportional to § given by eq. (6.8). On the other hand, if
perturbations enter deep in an early MD era, a different analysis has to be
followed in order to find the GW energy density spectrum [186,187]. The
corresponding PBH abundance will now be proportional to 8 given by eq.
(6.12). In the following we will consider GW production only during the
RD era, leaving the study of the early MD era scenario for future work.
We will also assume that curvature perturbations are described by Gaussian
statistics!.

The spectrum of the induced GWs is sourced and shaped by the curvature
perturbations. We have seen that inflationary potentials with steps generate
a distinct oscillatory profile for the curvature power spectrum. We expect

!Non-Gaussian statistics may also generate modulations in the GW energy density
spectrum [188].
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that this profile is transmitted to GWs. In the following we will further
elaborate on the modulations of the amplitude in the GW energy density
spectrum, which will be found to display a multiple peak structure. We
will show in particular that the amplitude and the frequency of the peaks
in the GW spectrum are determined by the position and the number of
the steps in the inflaton potential. The GW spectrum inherits the pattern
characteristics of the curvature power spectrum and, hence, serves as a portal
to the inflationary dynamics.

Different GW experiments are sensitive to different frequency bands.
Curvature power spectra with a prominent peak at the PBH mass range
1071 — 10719M,, generate induced GWs at the frequency band 1 — 10~* Hz,
and can be tested by space-based interferometers like LISA [189], scheduled
to operate in the following decade.

6.3.1 The formalism of induced GWs
GWs are described by the tensor perturbation h;; in the FRW spacetime

ds* = a*(1) [—(1 + 2¢)dT* + ((1 — 210)6;; + %hij) dmidx]} : (6.14)

where ¢ and 1 are scalar perturbations and vector perturbations are ne-
glected. In the absence of anisotropic stress, which is a good approximation
for our purposes, we have ¢ = 1. The Fourier components of the tensor
modes are defined via the relation

d3k 1kx
hii (7, %) Z/ 7 (T kel (ke (6.15)

where efj’\), with A = 4+, X, are polarization tensors. Through the definition

of the dimensionless power spectrum

<h)\(7', k)h)\/(T, k/)> = 5)\)\/(53(1{ + k/)ﬁlph(T k) (616)
we have M2
paw (T, k) = TPI — Pu(r. k). (6.17)

The evolution of h;; is obtained by expanding the Einstein equations. At
second order in scalar perturbations, the equation of motion for the Fourier
components of the tensor perturbations is

hY + 2HR, + k*hy = 4S\(1,k), (6.18)
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where S)(7,k) is a source that consists of products of scalar perturbations:

43 .
Sx(7, k) :/ﬁelﬂ (k)i g <2¢q¢kq

(6.19)
4

+ m(Hfl% + dq)(H g + ¢kq)> :

The evolution of ¢y is given in terms of the scalar transfer function. For
radiation domination, we have ¢y (7) = ¢(x) Py, with

= 2 —sin(x/\/g) — cos(x
¢(x) o 72 ( 1‘/\/§ ( /\/§>> ) (6'20)

where x = k7, and ®y is the primordial value, related to the curvature
perturbation as

212 (34 3w\’
PP) = 3 (k + K) A7 . 21
) =0k (F50) AbrR. (o)
The solution of eq. (6.18) reads
1 T
hA(r,k):—/ Gi(7,7)a(T)SA\(T, k)dT. (6.22)
a(T) Jo

where G(7,7) is the Green’s function for eq. (6.18). The power spectrum of
induced GWs is expressed in a compact form as a double integral involving
the power spectrum of the curvature perturbations [190]

e F4s+1 f—s+1
Ph(T,k)z/O dt/lds T(s,t, 7 k) AZ (%k) A2 (%k)

(6.23)
The overline denotes the oscillation average. The ¢ and s variables are defined
ast =u+wv—1, s =u—wv, where v = q/k, u = |k — q|/k. The integral
kernel T is given by the expression

o B (241)(s2—1)  \7288(=5+ s2 + (2 +1))?
i @ T<S’t’“')_2<(1—s+t)(1 s+t)) (—st0i(ltstt)y

{%2(—5+32+t(2+t)) @(t—(\/§—1>+

(6.24)

T—00

—2 42+ 1)

1
(—(t—s—l—l)(t—l—s-l—1)+§(—5—|—s2+t(2+t))10g T2
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where © is the Heaviside step function. The fraction of the GW energy
density per logarithmic wavenumber interval is

1 dpew(r k) 1 k —
QGV\/(T, k‘) = ptot(T) dln k = ﬂ (W) Ph(T, k‘) . (625)
At a certain time ¢, the production of induced GWs ceases, while their prop-
agation becomes free. In a RD background the energy density parameter
Qgw remains constant. Its value at the current time ¢, is given by eq. (6.25)
times the current radiation density parameter, 2, 0h? = 4.2 x 107, mod-
ulo changes in the number of the relativistic degrees of freedom g, in the
radiation fluid:

L \-1/3
Qaw (to, f)h? = 0.39 x (1(% 75) O,0h? X Qawlte, f). (6.26)

The total energy density parameter of induced GWs is obtained by integrat-
ing the GW energy density spectrum over the entire frequency interval.

6.3.2 Oscillations in the induced GW power spectrum
from potentials with steps

We start the discussion of the pattern of induced GWs produced in inflation-
ary models with sharp features by looking at the spectrum characteristics of
analytically calculable models, such as those depicted in figs. 5.5-5.7. In the
previous chapter we performed a semi-analytic calculation of the curvature
power spectrum by modeling the function f(N) of eq. (5.2), which cap-
tures the dynamics of the inflaton field beyond the slow-roll regime, through
a sequence of square “pulses”. The amplitude of the produced curvature
power spectrum is enhanced by the factor |C,,|* of eq. (5.16), while it also
displays oscillatory patterns with characteristic periods 6k/H ~ e in k-
space, where N is the number of efoldings at which the function f(N) varies
strongly. (See the discussion below eq. (5.16).) Roughly the same charac-
teristic frequency is observed in the GW spectra. In fig. 6.4 the GW spectra
for the three examples studied in section 5.1.5 are plotted. We also plot a
function Qgwmax(2 + sin(agw k£ — 0))/3 that highlights the periodic change
of the GW amplitude around the peak through a fit of the k-space period
dkgw ~ 2m/agw. We find agw = O(1)/H, corresponding to the smallest
period of the oscillations in the curvature spectrum 6k/H ~ O(1)w. It must
be noted that larger periods of size dk/H = O(10) 7 appearing in A% can
also be discerned in the modulations of the amplitude of the GW spectrum
at the corresponding scales. However, they are less visible, as they extend to
regions in k-space far from the peak.
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The short-period modulations of order 7 imply that the peaks in the
curvature spectrum are narrow. In fig. 6.4 a lognormal distribution with a
certain width oy < 1 is plotted together with A%. Tt elucidates the promi-
nent two-peak structure induced in the GW spectrum [184,191,192], which
appears when the main peak of the curvature spectrum is sufficiently narrow.
In our first example, for a square pulse starting at N = 0, corresponding to
the smallest period of oscillations dk/H =~ 7, the peak of A% is found at
a wavenumber k,/H o~ 4.5, comparable to m. The k-range of the fitting
lognormal distribution is determined by requiring that 0k ~ k,(e’N — 1),
which implies that o < 1. As a result, and in agreement with the analysis
of ref. [192], the GW spectrum is found to feature a major, relatively sharp
peak at (2/v/3)k,/H. Additionally, in the low-k side there is a relatively flat
local maximum, at a wavenumber near k,/e. This characteristic two-peak
structure is evident in all three examples we studied. In the second exam-
ple in particular, in which A% is dominated by a single peak because the
smallness of the positive “pulse” confines the oscillatory patterns within the
high-k part of the spectrum, the two-peak structure is practically the only
observable feature.

Let us now turn to the inflationary models with step-like features de-
scribed by eq. (6.7). In these models, the effective-friction function f(N) of
eq. (5.2), depicted in fig. 6.1, can be approximated by a 2n-“pulse” struc-
ture for n steps, with each positive “pulse” followed by a negative one. In
the semi-analytically calculable models that we studied before, the power
spectrum was normalized such that the step features started at N = 0. We
observed an enhancement by a factor |C,|?, together with oscillations of pe-
riod 0k /H ~ eNr. In the inflationary models of eq. (6.7) we find numerically
similar patterns. The curvature spectrum A% is to a good approximation en-
hanced by |C,,|?, with a main peak at a wavenumber k, characteristic of the
position of the step in terms of the number of efoldings N, which are now
counted from the exit of the CMB scale. Oscillations are also produced with
an approximate period 0k ~ k.

In fig. 6.5 we plot four curvature power spectra together with the GW
density spectra that they induce. For the three-step model, the curvature
spectrum displays strong modulations and one can read off an oscillatory
pattern with period 6k ~ 2.5 x 10'* Mpc™'. The spectrum A% has three
prominent peaks at comparable wavenumbers kp1, kpe, kps. Each peak is
well described by a narrow lognormal distribution in the k-range with width
on < 1. The combination of these three peaks induces a characteristic five-
peak structure in the GW spectrum [193], along with the rather flat local
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Figure 6.4:  Left: The scalar power spectrum produced by a double square
“pulse”, normalized to the CMB measured amplitude. The dashed line is a
lognormal power spectrum with width oy. Right: The induced GW spec-
trum, along with a fitting periodic function. Each row, from top to bottom,
corresponds to the “pulse” producing the spectrum of each of figs. 5.5, 5.6,
5.7, respectively.

maximum at lower k, as can be seen in the first row of panels in fig. 6.5. The
first sharp peak in the GW spectrum is located at the value kgw,1 = 2kp1/ V3,
the second at kgwa = (kp1 + k’pg)/\/g, the third at kqgws = Qkpg/\/g, the
fourth at kawa = (kp2 + kpg)/\/§ and the fifth at kews = Qkp3/\/§. The
rather flat local maximum at lower k is located near kps/e, where ko is the
wavenumber of the highest peak. These values can be seen in fig. 6.5 in
the frequency spectrum and in Hz units through the conversion f = k/(2m),
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Figure 6.5:  Left panels: The curvature power spectra produced by infla-

tionary models with potentials given by eq. (6.7) and depicted in fig. 6.1,
for parameter values given in the text. Right panels: The generated GW
density parameter produced by each inflationary model. A zoom-in plot of
the peak region has been included in each panel. Note that the last row of
panels corresponds to an inflationary model that features both a step and an
inflection point, depicted in fig. 6.2.
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where Mpc™ ~ 0.97 x 10~ Hz. Similar conclusions can be drawn for the
next two inflationary models that feature four and five steps, respectively.

For the inflationary model that features both an inflection point and a
step, the resulting spectra are quite different compared to the previously
discussed models that involve only steps. The inflection point is responsible
for the strong enhancement of the curvature power spectrum and its relatively
wide peak. Indeed, the envelope function that outlines the peak can be fitted
by a lognormal distribution with width ox ~ 0.4. Hence the characteristic
two-peak structure in the GW spectrum [192] is not very prominent here.
The step-like feature has a minor contribution to the enhancement of the
curvature spectrum, but it is the source of the oscillatory pattern around the
peak with the characteristic period dk ~ 7 x 10" Mpc~t. These oscillations
are also transferred to the GW spectrum. As before, the GW oscillatory
pattern is well described by a periodic function and reflects the pattern in
the curvature spectrum.

It is important to emphasize that, even though it is not clearly visible
in the log-plot, the oscillations near the peak are substantial: The Qqw
spectrum displays variations in its amplitude that are 25% of its maximal
value or larger. Such modulations in the amplitude are likely to be detectable
by the near-future space interferometers.



Chapter 7

Two-field inflation and turns in
field space

In the previous chapters we examined the features of the potential in single-
field inflation that can result in an amplification of the curvature power
spectrum by several orders of magnitude. Here, we are interested in similar
phenomena in two-field inflation. This chapter is based mainly on [152].

7.1 Two-field inflation

In this section we summarise the basic formulae related to two-field inflation
which are necessary for our analysis.

7.1.1 Background evolution

The action is of the form

1
g / e [%R S D 00—V (9)| (7.1)

where 7,, with a,b = 1,2 is the metric in field space. On an expanding,
spatially flat background, with scale factor a(t), the equations of motion of
the background fields take the form [116,134]

D. .
SOTHBH V= 0 (7.2)
1.
3H? = §¢2 +V, (7.3)
where V¢ = 9V /0¢® and

D : .
X=X T X (7.4)
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By defining ¢? = 7,¢¢", we obtain

HZ_?' (7.5)

We next define vectors T* and N® tangent and normal to the path
¢
¢
No = (dety)" ey, (7.7)

T = (7.6)

such that T°T, = N*N, = 1, T*N, = 0. Projecting eq. (7.2) along 7% one
finds ) '

G4+ 3HG+Vp=0, (7.8)
where Vp = T°0V/0¢®. One also finds

DTV,
= YN, (7.9)
dt é

with Viy = N0V /0¢®. The slow-roll parameters are defined as

iy
N 1
€ TR (7.10)
1 Dg°
¢ = —_— . 711
n o di (7.11)
Then n® can be decomposed as
n*=mnT*+nLN* (7.12)
with
b é
- -7 7.13
| iz 2H€+€ (7.13)
VN
= —. 7.14
nL o ( )
We also have
DT*
= —Hn, N* 7.15
dt nL ( )
DN®
= +Hn,T" (7.16)

dt
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7.1.2 Perturbations and relevant assumptions

The evolution equations for the curvature and isocurvature perturbations in
two-field inflation can be cast in the form ! [116,134]

k? nL
) v _—2N — _9 = o .
Rinn+(3+€—2n) Ren+ 72¢ Ry NG [Fv + (3 —my — €0) Fx]

(7.17)
K on M 2
-/—"k:,NN + (3 — 6)./—"]@]\{ + me_ Fi + (ﬁ +eR — UL) Fir = 2\/2_6771_Rk,N,
(7.18)
with
SN (7.19)
= €— 2 .

Ul %

g = I (7.20)
nL

We have written the equations in Fourier space, using the number of efoldings
N as independent variable. The subscripts denote derivatives with respect
to N. Here R, is the curvature perturbation, while Fj is related to the
isocurvature perturbation S through F, = V2¢S;. The mass M of the
isocurvature perturbation is given by the curvature of the potential in the
direction perpendicular to the trajectory of the background inflaton. The
variable R is the Ricci scalar of the internal manifold spanned by the scalar
fields [100]. It vanishes for a model with standard kinetic terms for the two
fields.

In order to focus on the main features associated with the enhancement
of the curvature spectrum, we make some simplifying assumptions:

e We approximate the Hubble parameter as constant. This is a good
approximation, as its variation during the period of interest is O(10%),
while the spectrum may increase by several orders of magnitude.

e In a similar vein, we take the mass M of the isocurvature modes to
be constant. We also assume that M 2 H, so that the isocurvature
perturbations are suppressed apart from short periods during which
the parameter 77, becomes large.

e We do not consider the possibility of a curved field manifold, but assume
that the fields have standard kinetic terms. This means that we can
set R = 0.

In this chapter we return to the symbol R in order to denote the comoving curvature
perturbation.
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e We assume that the parameter € takes a small constant value while the
system is in the slow-roll regime, consistently with the constraints from
the cosmic microwave background (CMB). We neglect here corrections
arising from the slow-roll regime that lead to small deviations from scale
invariance. We focus instead on short periods of the inflaton evolution
during which 7 or n,. can grow large. These periods are reflected in
strong deviations of the spectrum from scale invariance over a range of
momentum scales.

We are interested in strong deviations from the slow-roll regime during
short intervals in NN, which can result in the strong enhancement of the
curvature perturbations. There are two typical scenaria that we have in
mind:

e For n? <« M?/H?, the isocurvature mode is strongly suppressed and
the rhs of eq. (7.17) vanishes. The curvature mode can be enhanced if
the coefficient of the term ~ Ry n in the lhs becomes negative. This
requires large positive values of the parameter 7, from which the dom-
inant effect comes, while € takes values at most around 1 and can be
neglected. The equation for the curvature perturbation can be approx-
imated as

kQ
Ry + (3—2m) Rpn + ﬁe_QNRk, =0, (7.21)
which is the same as (5.1) with f(/N) = 3 — 2n. This scenario cor-
responds to the case that the inflaton potential displays an inflection
point or a sharp step, which we have analysed in detail in the previous
chapters, when we studied single-field inflation.

o If 2 > M?/H? for a short period, the isocurvature modes can be
temporarily excited very strongly. The rhs of eq. (7.17) then becomes
large and acts as a source for the curvature perturbations, leading to
their strong enhancement. At a later time, n; becomes small and the
isocurvature perturbations become suppressed again. This process can
take place while the slow-roll parameters € and 7, remain small. In
order to capture the essence of this mechanism, we assume that € is
small and roughly constant, and switch to the field S, = Fj,/v/2¢. The
system of eqs. (7.17), (7.18) becomes

2

k
Rk,NN +3Rk,N -+ ﬁeim\ka = -2 (nLSk,N + 77J_,N8k + 377J_Sk) (7.22)

]{32 M2
Sk,NN + 38}671\] + m672NSk + (E — 773_) S, = 277J_Rk,N- (7.23)
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Notice that S is the appropriate field on which the initial condition of
a Bunch-Davies vacuum can be imposed, similarly to Ry.

In both the above scenaria, it is the acceleration in the evolution of the
background inflaton, either in the direction of the flow through n (), or
perpendicularly to it through 7, (N), that causes the amplification of the
spectrum of curvature perturbations. Another common characteristic is that
the spectrum displays strong oscillatory patterns.

A weak point of the above scenaria is that the enhancement of the cur-
vature spectrum by several orders of magnitude can be achieved only under
special conditions. The inflaton potential around an inflection point must be
fine-tuned with high accuracy [32,34,35,53]. A step in the potential gives
a limited enhancement, unless the potential is engineered in a very specific
way [155]. Finally, a sharp turn in the inflaton trajectory must reach a value
of 47 for the enhanced spectrum to have observable consequences [45]. This
is possible only if the field manifold is curved.

However, a strong enhancement of the curvature spectrum is possible if
several strong features in the inflaton potential combine constructively. We
have already seen it in the case of steps and we are also going to come to
analogous conclusions for turns in field space.

7.2 Turns in field space

Since the case of steps and inflection points has been analysed in the previous
chapters, we now turn to the case of turns in field space. As we saw in section
7.1, such features occur when the parameter 1, satisfies n? > M?/H? with
M the typical mass of the mode perpendicular to the inflaton trajectory. The
relevant equations are eqs. (7.22), (7.23). The evolution of the background
can be rather complicated, depending on the characteristics of the two-field
potential [116,134]. We concentrate here on a simplified scenario, which
preserves the relevant features without requiring a numerical calculation of
the background evolution.

7.2.1 Maximal turn and multiple features

We consider models of a two-component field ¢* = (x, ) with a standard
kinetic term, for which the curvature of the field manifold vanishes. We
assume that the potential has an almost flat direction along a curve ) = f(x).
A small constant slope along this direction results in a small value of the slow-
roll parameter €, which we assume to be constant. Along the perpendicular
direction the potential has a large curvature, so that the flat direction forms
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a valley. We consider the simplest scenario, in which the fields evolve very
close to the bottom of the valley, without perpendicular oscillations. We
approximate the Hubble parameter as constant, with a value set by the
average value of the potential along the flat direction. A particular realization
of this setup, with f(x) = a?/x, is given in ref. [116].

The unit vectors, tangential and normal to the valley at ¢* = (x, f(x)),
are

1

™ = 00 (L f'(x)) (7.24)
a 1 / _
N = 00 (f'(x), —1). (7.25)

If we assume that the norm of ¢ stays constant and equal to v/2¢ H, we find

that /3
2
XN = SRR L (7.26)
L+ f2(x)

We now have

or —_ f"ix) /")

TN = o N = T RO (—=f'(x),1) = WXNN“-
(7.27)
From eq. (7.15) we deduce that
=L Wm0 (7.28)

T+ 1200 T+ 207"

It is apparent that 7, is nonzero only in regions in which f”(x) # 0, so that
the valley of the potential is not linear.

We are interested in a scenario in which a linear part of the valley is
succeeded by a sharp turn, leading to a second linear part. Without loss
of generality we can assume that the turn is located near x = v = 0. The
background evolution will be characterized by a short interval in which 7,
will rise and fall sharply from zero. The angle of rotation in field space obeys
0 v = 1., from which we obtain

Af —/ ' n1(x)dN = / : —lj—tf’2> dx = arctan (f'(x)) s (7.29)

0
The maximal angle can be obtained if f/(x;) — —oo before the turn and
f'(xy) — oo after, so that Af = .

In the model of ref. [116], in which f(x) = a?/x, one can have f'(y;) —
—oo before the turn and f'(xs) — 0 after, so that A = 7/2. The maximal
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Figure 7.1: Typical evolution of the function 7, (N) induced by turns in the
inflaton potential. The approximation through “pulses” is also depicted.

value of 7, is obtained for y = ¢ = a. It iS Nimax = V€/a, and can be
arbitrarily large for a — 0. The duration of the turn is roughly AN ~
A/ max = ma/(2+4/€) and can be very short for a — 0.

As the value of the integral in eq. (7.29) is bounded by 7, the effect of
sharp turns on the amplification of the isocurvature and curvature pertur-
bations is limited. However, multiple turns can also occur. The sign of the
rotation angle is arbitrary, so a sequence of turns with alternating signs is
possible. The enhancement of the curvature perturbation depends only on
In.|, as can be easily seen through inspection of eqs. (7.22), (7.23). In fig.
7.1 we depict the typical evolution of n, when the potential has several turns
along its flat direction. We also present the approximation of the various fea-
tures through “pulses”, which we shall employ in the following. The integral
over each feature must be smaller than 7, so that the valley of the potential
does not close on itself. This limits the possible enhancement arising from
each turn. However, the combined effect of several turns can be substantial,
as we show in this section.

7.2.2 The qualitative features of the evolution

As we discussed in section 7.1, the perturbations in the two-field system are
governed by eqs. (7.22). (7.23). In order to simplify the picture, we as-
sume that M is constant and M/H Z 1, so that the isocurvature modes get
suppressed during the parts of the evolution in which 7, is small. However,
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when 7, > M/H the evolution becomes non-trivial, as both the curvature
and isocurvature modes get excited. The term ~ 7?3 in the lhs of eq. (7.23)
acts as a negative mass term, triggering the rapid growth of the field S.
As a result, the rhs of eq. (7.22) becomes a strong source term for the field
Ri. The resulting growth of Rj generates a source term in the rhs of eq.
(7.23) that moderates the maximal value of the field S;. The combined ef-
fect results in the enhancement of both modes. However, the late evolution
of Sk, when 71, becomes negligible, is dominated by its nonzero mass, so
that this field eventually vanishes. The curvature mode Ry freezes, similarly
to the standard inflationary scenario, preserving its enhancement within a
certain momentum range. Another characteristic consequence of the pres-
ence of strong features in the potential during inflation is the appearance of
distinctive oscillations in the curvature spectrum.

In order to obtain an analytic understanding of the evolution of the per-
turbations, we consider the “pulse” approximation that we have already seen.
For one “pulse” n, has the form

UL(N) =TLo (@(N - Nl) - @<N - N2)) . (7-3())

The parameter 77, takes a constant value for Ny < N < N,, and approaches
zero very quickly outside this range. For N < N; and N > N, the two
equations of motion decouple

k2
RinN + 3Ren + ﬁe—mnk =0 (7.31)
k2 MQ
Sknn + 38y + 7z S+ 58 = 0, (7.32)

resulting in simple solutions of the following form

Re(N) = e 2N [cpjg (eNfI) +Cmd_3 <eNZ>] (7.33)
Sp(N) =e 2N |D,J NEN p NENL (70
F - ° POLyJo—ad? ¢ g)tEm ~1yfo-aM7 e FH)\W"

Initial conditions corresponding to the Bunch-Davies vacuum are obtained
for C),, = 1, C,,, = i. For the massive mode, the coefficients must be chosen
more carefully, so that they reproduce the free-wave solution for N — —oo
when M becomes negligible. They read

e T/ 9-4M?2/H?
1 — ¢imy/9-4M?/H?
6% \/9—4M?2/H?

= ; ig
Dy, \/5(1+z)1 e (7.36)

D, = —V2(1+1) et (7.35)
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We have also included an arbitrary phase difference ¢ between the curvature
and isocurvature modes at early times. This phase may affect the profile
of the spectra by modifying the interference patterns when the two modes
interact. However, we have found that the quantitative conclusions about
the spectrum enhancement and the characteristic oscillations it may display
are largely unaffected. For this reason, we use ¢ = 0 in our analysis.

The evolution in the interval Ny < N < N, is complicated because of
the coupling between the two modes. The main features are more clearly
visible if we neglect the expansion of space, which is a good approximation
for AN = Ny — N; < 1. The evolution equations now become

k‘2
Rk NN T mRk + QT]LOSka =0 (7.37)
k2 M?
Sk NN + (H2 ﬁ — 7]3_0) Sk — QT]L()R]C’N = 0. (738)

Following refs. [45,110], we look for solutions of the form
Ri = Ae*Y, S, = Be¥V. (7.39)

There are four independent solutions

1 M2 k2 M2 ? k2
= iﬁ - (H—2 + 377J_0 + 2H ) + (H2 + 377J_0) + 16[_[2”1.07
(7.40)

with ¢ = 1,2, 3,4 corresponding to the combinations of signs ++, —+, +—,
——, respectively. The corresponding values of B; are

BLQ = f+ WL? ALQ (741)
B3y = f-wsaAsy, (7.42)

with A
fu= o (7.43)

Ve \/ (%= + 3%0) + 167217,

The solutions on elther side of N7 and N, can be matched, assuming the
continuity of Ri(N), Sp(N) and Spn(N). The first derivative of Ry (N)
must account for the d-function arising from the derivative of 1, (IV) at these
points. This leads to the conditions

Rin(Ni-) = Rien(Nig) + 27008k (Ny) (7.44)
RkJ\f(NQ_) = Rk7N<N2+)_2T]J_OSk(N2). (745)
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For given initial conditions C,,, Cy,,, Dp,, Dy, before the “pulse”, one can
calculate, through the use of these boundary conditions, the constants A;
within the “pulse”, and eventually the final coefficients of the free solutions
Cpss Cings Dy, s Dy, after the “pulse”. Similarly to what was done in chapter
5, one can thus determine the matrix My that links the solutions before
and after the “pulse”:

Cpf Cpi
C Ch
myg — ) mg
Dpf Mpulse(Nla N27 ka M’ 77L) Dpi : (746)
Dmf sz

This matrix facilitates calculations for more complex problems with multiple
“pulses”, occurring when the linear valley of the potential is interrupted by
multiple, successive turns. Unfortunately, the expressions for the matrix
elements are extensive and not very illuminating. For this reason we do not
present them explicitly.

The influence of the “pulse” on the evolution of the perturbations can be
inferred through inspection of eq. (7.40). Two of the solutions (w3 and w,) are
purely imaginary, resulting in oscillatory behaviour. The other two (w; and
wq) have a more complicated dependence on the parameters of the problem.

For £ > /n?, — %—22 they are imaginary as well, but for £ < \/n? - %[—22
they become real, thus inducing exponential growth or suppression. In the
limit AN — 0, .9 — oo, with the total area of the “pulse” (or total angle
of the turn) A8 = n, (AN kept constant, we have

k

We expect then that the spectrum will be enhanced by a factor

2k 270 k/H]
Pp ~ ——AN| = —— . 7.48
RO [H\/g } P { V3 110 ( )

The fact that the maximal turn Af cannot exceed 7 for canonical kinetic
terms implies that the enhancement of the spectrum appears for scales k/H
comparable to 17,9. As the general solution is a superposition of all inde-
pendent solutions (7.39), (7.40), the exponential growth is accompanied by
oscillatory behaviour with a characteristic frequency set by n,¢. For large k
the spectrum returns to its scale-invariant form, as the effect of the “pulse”
diminishes.

The constraint on A# implies that a single turn results only in a limited
growth of the spectrum [45]. However, multiple turns can have an additive,
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and often resonant, effect. In this respect it is important to point out another
feature of the solutions. We are interested in the regime 1,9 > M/H, so that
we can neglect the effect of the mass inside the “pulse”. For k/H < 1o,
strong oscillations, with a frequency set by 7,9, occur within the “pulse”.
On the other hand, outside the “pulse” the characteristic frequency of oscil-
lations, modulated by the expansion, is set by k£ or M. The continuity of
Sik(N) and its derivative implies that the amplitude of oscillations increases
significantly when the perturbation exits the “pulse”. The effect is visible if
one matches at N = 0 the toy functions f;(IN) and f;(NV) given by

fif(N) = A; je *usN 4 B; cethislV (7.49)
This results in
1 k; 1 k;
Ay = —([1+—= A +=-(1-—2)B,
d 2 ( - k’f) "3 ( kf)
1 k; 1 k;
B, = - [1—-——2 Ai+-11 = B;. 7.50
d 2 ( ’ff) "3 ( " kf) (7.50)

For k; < ky, as when entering a “pulse”, the constants Ay, By are comparable
to A;, B;, while for k; > ky, as when exiting a “pulse”, they are greatly
enhanced. We shall see realizations of this effect in the two-field context
through the numerical solution of eqgs. (7.22), (7.23) in the following.

Before completing the subsection, we point out that the alternative for-
mulation of the calculation of the spectrum that was introduced in section
5.2 for the single field case can be generalized for two fields. We present the
relevant expressions in appendix B.

7.2.3 Numerical evaluation of the spectra

The precise form of the power spectrum in the two-field case is not captured
easily through an analytic approach, especially when multiple features ap-
pear in the inflaton potential. For this reason, we resort to the numerical
integration of eqs. (7.22), (7.23). In fig. 7.2% we present the evolution of
the amplitude of perturbations Ry (N) and S,(N) in two distinct cases. The
perturbations are normalized so that the curvature spectrum is equal to 1
for n, = 0.

In the top row of fig. 7.2 we present Ry(N) (left plot) and S (V) (right
plot) for a wide “pulse”, also depicted in the plots. This example does not

It is Pr = A% in this and the following figures.
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Figure 7.2: The evolution of the curvature mode (left plots) and isocurvature
mode (right plots) for two types of time dependence for the parameter 7, :
Top row: Thick “pulse”. Bottom row: A sequence of three narrow “pulses”
of alternating sign. The function |n, (N)| is also depicted. The mass of the
isocurvature mode is M/H = 5. The momentum of both modes is k/H ~ 56
in the top row and k/H ~ 3.2 in the bottom row.

represent a physical situation for vanishing curvature R of the internal field
manifold, because the total turn A# is approximately 15. It is presented
in order to demonstrate the qualitative features discussed in the previous
subsection, which become relevant for R # 0. The mode momentum is
k/H ~ 56, of the same order as the height 1,9 ~ 100 of the “pulse”. The
mass of the isocurvature mode is M/H ~ 5. One sees clearly the rapid growth
of the perturbations inside the “pulse” and the appearance of oscillations with
frequency set by n,o. After exiting the “pulse”, the perturbations oscillate
with frequency set by k. For N — oo (a region not depicted in the plots) the
isocurvature mode asymptotically vanishes because of its nonzero mass. The
curvature mode freezes when the horizon is crossed at a value larger than the
one corresponding to the scale-invariant case (7, = 0).

In the bottom row of fig. 7.2 we present the evolution in the case of
multiple “pulses”. The width of each “pulse” is much smaller than in the
previous example, so that each turn —A#— in field space is smaller than
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Figure 7.3: Curvature spectrum induced by a sequence of “pulses” of alter-
nating signs in the function n, (N). Top row: one “pulse” (left), two “pulses”
(right). Bottom row: three “pulses” (left), four “pulses” (right). We have
kept the same scales for the axes in all plots for direct comparison.

7. The turns have alternating signs and in the plot we depict |5, (N)|. The
mode momentum is k/H ~ 3.2, much smaller than 77,o. The mass of the
isocurvature mode is again M /H ~ 5. It is apparent that the growth of both
modes within the “pulses” is not substantial, even though strong oscillations
occur with frequency set by 9. The distinctive feature is the strong increase
of the amplitude of the isocurvature mode when the perturbation exits the
“pulse”. This is expected, according to our discussion at the end of the
previous subsection. The oscillation frequency for this mode outside the
“pulses” is set by the mass and is rather low. The location of the “pulses” is
such that a resonance effect occurs, with the amplitude of S; being amplified
each time a “pulse” is traversed. This effect also triggers the growth of the
curvature mode. The late time behaviour of both modes (not depicted in the
plot) is similar to the previous case.

In fig. 7.3 we depict the form of the curvature spectrum induced by
a function 7, (N) displaying a sequence of “pulses” such as those in the
bottom row of fig. 7.2. The “pulses” have alternating signs and are located
at a distance of 0.25 efoldings from each other. Each “pulse” has a width
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of approximately 0.03 efoldings, a height 1,y ~ 100 and a total area smaller
than 7. We have used the same scales in all plots in order to be able to
make direct visual comparisons. The top row includes the spectra generated
by one (left plot) or two (right plot) “pulses”. The bottom row includes
the spectra generated by three (left plot) or four (right plot) “pulses”. The
spectra are normalized to the scale-invariant one. The location of the point
k/H = 1 is arbitrary. It corresponds to the mode that crosses the horizon
at the time at which we have set N = 0 for the number of efoldings, with N
also taking negative values. In order to make contact with observations, the
normalization of k£ must be set relative to the CMB scale.

In all plots we observe the enhancement of the spectrum in the region
k/H ~ n1o. This enhancement increases with the number of “pulses”, but
not to a significant degree. On the other hand, a strong enhancement appears
for multiple “pulses” at low values of k/H, which increases dramatically with
each addition of a “pulse”. This is the realization of the mechanism that we
discussed above in relation to the bottom row of fig. 7.2. The resonance effect
appears for 1/k comparable to the distance between the “pulses”. For our
plots we kept this distance fixed. However, similar patterns in the spectrum
are obtained for variable locations of the “pulses”, as long as their separations
are comparable. The exact height of each “pulse” may also vary. It must be
noted that the effect is strongly amplified by very sharp “pulses”. We have
chosen profiles that match the form of 1, (V) expected by models such as
the one we discussed in subsection 7.2.1.

7.3 GWs and the PBH counterpart

As we know, primordial inhomogeneities imprinted on the CMB are limited
to scales of order larger than a Mpc. Large enhancements of the power spec-
trum of perturbations on small scales, such as those produced through the
mechanisms discussed in this thesis, are not directly visible on the CMB sky
due to photon diffusion damping. A method to probe small-scale pertur-
bations is the search for a stochastic GW background. The formalism of
stochastic or induced GWs was described in the previous chapter (see also
ref. [194] for a recent review).

The enhancement of the curvature power spectrum due to several “pulses”
in the evolution of 7 generates a GW spectrum with a characteristic peak
structure, discussed in chapter 6. The main peak of the curvature spectrum
is found to be narrow, ¢ < 1, and induces a GW spectrum with a major
peak after a flat plateau. Additional oscillatory patterns are superimposed



7.3 GWs and the PBH counterpart 111

107} L1107
| — 4turns PPITA TianQin LiGO-Virgo |
e 10'13> 3 turns Ni
g 10—17, g
< 107"} s C 107"
10—25,
107° 0.01 10 104 10" 107 104 0.1 100

k/kg¢ f[Hz]

Figure 7.4: Left plot.: The GW spectral density produced by inflationary
trajectories with 3 and 4 successive turns occurring at the wavenumber ky.
The scale ky is the scale that crosses the horizon at the time when the first
feature occurs. In the right plot, we select three different values for this scale.
Right plot: The GW spectra placed at three benchmark frequencies that lie
within the range of sensitivity of current and near future GW experiments.

on this main peak, reflecting the strong oscillations in the curvature spectrum
depicted in fig. 5.9. A similar general peak structure is found for a “pulse”
in the evolution of 7n,, see Fig. 7.4. However, in this case the subleading
oscillatory patterns are located after the main peak, which remains fairly
smooth. This is a consequence of the smooth form of the main peak of the
curvature spectrum depicted in fig. 7.3.

In order to make contact with physical scales we must eliminate the am-
biguity in the definition of N. For this we can use the scale k; that crosses
the horizon at the time Ny when the first feature occurs. In the approxima-
tion of constant H that we are using, we have k; = N7 H. This allows us
to eliminate H in favour of ks, and express every other scale as k/k; = eV,
with 0N = N — Ny. In the previous section we were setting Ny = 0. Notice
that varying Ny is equivalent to varying k; and allows us to place the peak
of the spectrum at a desired value. As a result, the GW spectrum can be
shifted along the frequency axis, in order to check its detectability depending
on the time of occurrence of the feature that causes the enhancement, as is
done in the right plot of fig. 7.4.

The amplification of the spectrum with respect to the CMB scale depends
on the number of turns, their size and sharpness. We considered turns smaller
than 7 and “pulses” of amplitude |n,| < 100. Different configurations can
produce an enhancement of the curvature spectrum Px of similar size. For
example, a configuration of four turns of angular size < 7 described by four
pulses of size |n, | ~ 100 that last AN ~ 0.1 can enhance the power spectrum
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Figure 7.5: Left plot: The § mass fraction produced by an inflationary trajec-
tory with four successive turns occurring at the wavenumber ky. Right plot:
The corresponding fractional PBH abundance against the observational con-
straints [162], with masses placed at benchmark scales that can be probed by
current and near future GW experiments. These are the same scales used for
the right plot of fig. 7.4. The right curve corresponds to the left spectrum in
fig. 7.4, the left curve to the middle spectrum, while the right spectrum in
fig. 7.4 corresponds to very small black holes that have evaporated by today.

by a factor of 107. A similar enhancement is produced by a configuration of
eight turns of size < /2 described by eight pulses of size |n, | ~ 10. Although
each configuration produces a different spectral shape, the relative differences
are not that evident. The curvature spectrum generally exhibits a major
narrow peak, as can be seen in fig. 7.3, which creates a characteristic GW
spectral peak, common for different configurations. The differences appear
at k > kpeax and correspond to complicated oscillatory patterns. These are
reflected in the GW spectra of fig. 7.4 in frequency regions of lower amplitude.

We also point out that primordial curvature perturbations with large
amplitudes at certain scales induce, apart from tensor modes, a gravitational
collapse of sufficiently dense regions that enter the Hubble horizon. The
mass fraction of PBHs at the formation time, S(M), has an acute sensitivity
to the amplitude of the power spectrum Px. For the spherically symmetric
gravitational collapse of a fluid with pressure, this sensitivity is exponential,
B o /Pre%/Pr where 6. is the density threshold for PBH formation.
A sizable PBH abundance is obtained for Pz ~ 1072, The parameter 3
can increase if the background pressure is decreased, as for example during
the QCD phase transition [170,195]. A further decrease of the pressure to
vanishing values can affect the PBH formation rate significantly [168, 174]
and induce GW signals with a different spectral density [186,187].

In our set-up, large amplitudes of Pr can be produced if several strong
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features, turns or steps, occur during the inflationary trajectory. These fea-
tures can give an observable result in the GW channel for three or more suc-
cessive turns. In Fig. 7.4 we plot the spectral density of the induced GWs for
curvature power spectra that have the form depicted in Fig. 7.3. In figure 7.5
we plot the corresponding PBH abundance for a threshold value 6. = 0.41,
together with the PBH experimental upper bounds [162]. For four turns the
PBHs produced can constitute a significant fraction of the dark matter in the
Universe. We recall that during radiation domination the PBH mass spec-

trum is related to the Pg peak position kpeax as Mppy o< k;eik, and the PBHs

have abundance Qpggy o< BMgél/f, see Ref. [11] for details. PBHs in the mass
range M ~ 10712M, can constitute the entire dark matter in the Universe,
while the associated GWs will be probed by LISA [20] and other future space
GW antennas. PBHs with mass Mppy 2 M can form binaries and are di-
rectly detectable by LIGO-Virgo-KAGRA experiments, while the associated
induced GWs can be probed by PTA experiments [16-19]. The LIGO-Virgo-
KAGRA collaboration already constrains the stochastic GW background [27]
in the frequency band O(1—10?) Hz, even though PBHs associated with these
frequencies are too light to survive in the late Universe.



114 Two-field inflation and turns in field space




Chapter 8

Conclusions

In this thesis we explored the possible enhancement of the power spectrum
of curvature perturbations when particular features appear in the inflaton
potential. In single-field inflation one characteristic feature that is known to
induce the enhancement of the spectrum is an inflection point in the potential
at some value of the inflaton field. However, we mainly focused here on the
opposite case, i.e. a sharp decrease of the potential, which may result even
in the interruption of inflation in certain cases, in contrast to what happens
around an inflection point. We explored the conditions under which the
enhancement can be larger by several orders of magnitude relative to its
magnitude within the almost scale-invariant range. It must be noted that it
is always possible to enhance the spectrum by engineering the transition to a
second very flat plateau of the potential. The time derivative of the inflaton
under slow-roll conditions on the plateau would be very small, resulting in
an enhanced power spectrum. In our analysis we excluded this rather trivial
possibility by keeping the slope roughly constant, apart from the transition
point or points, and focused on the effect of the transition itself.

We found that sharp steps lead to the strong growth of the curvature
perturbation. The reason can be traced to the “effective-friction” term of eq.
(5.1), which is given by the function f(N) defined in eq. (5.2). Even though
this function is positive during the first part of the transition, thus suppress-
ing the perturbation, it can become negative during the second part, when
the inflaton approaches slow roll on the second plateau, and can lead to a dra-
matic enhancement. The effect is increased by the steepness of the potential,
but is also limited by the size of the potential drop that bounds the maximal
inflaton “velocity”. However, successive nearby steps give an additive effect,
leading to a spectrum enhancement by several orders of magnitude.

Another prominent feature of the spectrum is its strong oscillatory form
as a function of wavenumber. Our analysis has revealed that these oscillations



116 Conclusions

are generated through the detuning of the phase difference between the real
and imaginary parts of the curvature perturbation, which evolves according
to eq. (5.1). More specifically, when the inflaton moves through a step in
the potential, the background evolution deviates strongly from the standard
slow-roll for a small number of efoldings, in a way that the real and imaginary
parts of the solution are detuned. The detuning results in time-dependent
oscillations of the amplitude. When the perturbations asymptotically freeze
at superhorizon scales, an oscillatory pattern is induced on the wavenumber
dependence of the power spectrum. It must be emphasized that oscillations
in the spectrum are not a generic consequence of any feature in the potential
that violates slow roll. In contrast to a steep step, an inflection point in
general induces an enhanced, but smooth, power spectrum.

From the model-building perspective, a steep step can appear if the infla-
tionary potential includes plateaus with different energy densities. A nearly
constant potential energy density can be associated with underlying symme-
tries that are preserved in the plateau [159]. A deformation of the symmetry
results in energy splitting, so that a transition between different energy levels
can be induced. Such a behaviour can be captured by inflationary models
constructed within the framework of a-attractors [157,158].

A strong motivation for analysing such models is that the induced tensor
power spectrum inherits the oscillating profile of the primordial curvature
spectrum. The combined pattern of an enhanced spectrum together with
strong oscillations is potentially detectable by near future space interferome-
ters. Through the detection of the GW spectrum, one can aim at inferring at
least some basic features of the inflationary potential, such as whether step-
like transitions are present. Motivated by this possibility, we examined in
detail, numerically and analytically, the scalar and the induced tensor spec-
tra and we identified correlations between them. The main characteristic
property of both spectra, related to the transition through a step, is a series
of peaks. Through a more refined analysis of the spectrum, one can look for
more detailed information, such as the number of the steps, their position
and exact shape, and whether there is, in addition to a step, an inflection
point. We explored this possibility by studying several analytical examples,
as well as inflationary models in the a-attractor framework, always imposing
consistency with the constraints for the spectral index n, and the amplitude
of the scalar spectrum arising from the CMB measurements.

The detection of GWs from inflationary models with sharp features may
be accompanied by the presence of PBHs as a significant fraction of dark
matter. The enhancement of the power specrtum due to the presence of step-
like features, though considerable, may be inefficient to trigger the production
of a sizeable number of PBHs if radiation dominates the energy density of
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the early Universe. However, it can be sufficient to induce gravitational
collapse processes and PBH production if the Universe energy density is
dominated by non-relativistic matter. We examined the profile of the PBH
mass spectrum produced either in a radiation or an early matter-dominated
Universe, looking for deviations from the common monochromatic profile.
For the latter scenario we found that this is possible because of the multiple-
peak structure of the curvature power spectrum.

Moreover, we extended our analysis on the enhancement of the curvature
spectrum during inflation to the two-field case. In this case, we did not study
a particular model, but looked instead for generic properties of the equations
of motion for the perturbations which would lead to their enhancement. We
identified the slow-roll parameter n as the quantity that can trigger the rapid
growth of perturbations. As we saw, this parameter can be projected onto
the directions parallel and perpendicular to the trajectory of the background
fields. The corresponding two components, 7 and 7, remain small during
most of the evolution, apart from short intervals during which they can take
large, positive or negative, values.

The typical underlying reason for the appearance of strong features in
the evolution of 7 is the presence of points in the inflaton potential that
cannot support slow-roll, such as sharp steps or inflection points. However,
the analysis of this case in the context of single-field inflation is sufficient,
since there is nothing different when we extend to the two-field case. On the
other hand, n, grows large during sharp turns in field space, which is a clearly
multi-field phenomenon. The typical situation involves an inflaton potential
that contains an almost flat valley, with straight parts interrupted by sharp
turns. The evolution along the valley satisfies the slow-roll conditions, apart
from the short intervals during which the fields go through the turns and
1, takes large values, positive or negative, depending on the direction of
the turn. The effect of 7, is sign-independent and twofold: a) it triggers
the strong growth of the perturbation perpendicular to the trajectory (the
isocurvature mode), and b) couples the isocurvature mode to the curvature
mode along the trajectory, thus inducing its growth as well.

The focal point of our analysis in the two-field context was the addi-
tive effect of several turns leading to the resonant growth of the curvature
spectrum. We found that three or four features in the evolution of 7, are
sufficient in order to induce an enhancement of the power spectrum by six
or seven orders of magnitude. The spectrum now displays a smooth main
peak, followed by a region of strong oscillatory behaviour. It must be pointed
out that the constructive interference of several features is affected by their
separation. The resonance effect appears for 1/k comparable to the distance
between the turns.
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Scenarios with turns, similarly to those with steps, generate non-flat
shapes with prominent peaks, which can also lead to PBH and GW pro-
duction. In order that a detectable GW background is produced, e.g. within
the sensitivity range of LISA, three or more successive turns have to occur,
while a significant PBH abundance requires at least four sharp turns. A com-
parison of the GW spectra corresponding to steps and turns demonstrates
that they both display a prominent maximum that may be localized within
the range of sensitivity of designed GW detectors [196], such as LISA [21,22]
and DECIGO [23]. The difference between GW spectra produced through
the presence of several features in 7 and those produced through similar fea-
tures in n, lies in the secondary maxima that are present around the main
peak in the first case, while they are absent in the second case. Their identi-
fication depends crucially on the data resolution of the various experiments.
However, in principle they provide a means for probing the mechanism that
generates the enhancement of the spectrum.

A big part of our study in both single- and two-field inflation focused on
the attempt to understand the evolution of the perturbations and the result-
ing spectra through analytic means. We employed two different approaches.
In the first approach, we approximated the features in the evolution of f(N)
or n, as square “pulses” and used appropriate matching conditions at the
beginning and end of each “pulse” in order to obtain a complete solution. In
the second approach we reformulated the problem using Green’s functions
and deriving integral equations. Exploiting this approach even further, we
reformulated the evolution equations as a system of differential equations for
the coefficients of an expansion of the general solution in terms of Bessel
functions. This formulation permits the analysis of non-minimal initial con-
ditions in a straightforward manner and can reduce computational time.

The broader picture that emerges from our analysis is that the observable
consequences of inflation can be much more complex than what is suggested
by the standard analysis that assumes small deviations from scale invariance
for the whole range of scales of the primordial spectrum. The possibility
that multiple features may be present in the background evolution points to
a paradigm with richer physical behaviour. It is exciting that the critical
examination of such speculations is within the reach of experiment.



Appendix A

Accuracy of analytical
estimates

In this appendix we provide an assessment of the accuracy of the approximate
expressions (5.45) and (5.54). For the matrix C'(N), defined in eq. (5.54),

we obtain
Cy1(0) :/_ ) sin (e 2) :e"gcos (e‘"ﬁ) + sin (e_"f1>: dn (A.1)
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where we have used appropriate partial integrations. The first two terms

in a Taylor expansion of the exponential give an estimate for F(oo) that
reproduces the approximate result of eq. (5.45). Additional terms account for
higher-order corrections. These improve the convergence for slowly varying
functions f(N). However, for functions f(N) that induce an enhancement
of the spectrum by several orders of magnitude, the quantitative accuracy of
this approach is limited.

In order to check the validity of the approximate expressions (5.45) and
(5.54), we consider a sequence of typical patterns of the function f(N), sim-
ilar to those induced by steep steps in the inflaton potential. The forms of
f(N) are depicted in fig. A.1.

In fig. A.2 we depict the power spectra for the three different smooth
curves of fig. A.1. The solid curves correspond to the exact numerical solu-
tion of eq. (5.1) or the system (5.51). The short-dashed curves correspond to
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Figure A.1: Typical evolution of the function f(N) ~ 3 — 2n(NN) induced by
steps in the inflaton potential.
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Figure A.2: Power spectra for the three different smooth curves of fig. A.1.
The solid curves correspond to the exact numerical solution of eq. (5.1) or
the system (5.51). The short-dashed curves correspond to the approximation
of eq. (5.45), and the long-dashed curves to the approximation of eq. (5.54).

Notice the large difference in the vertical scales of the three plots.

the approximation of eq. (5.45), and the long-dashed curves to the approx-
imation of eq. (5.54). We are interested only in relatively strong deviations
from scale invariance, and not in the absolute normalization of the spectrum.
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For this reason we have assumed that the spectrum is scale invariant at early
and late times and normalized with respect to its value in these regions. It
is apparent from fig. A.2 that both approximations give a very accurate de-
scription of the spectrum when its value is of order 1. When the spectrum
is significantly enhanced both approximations lose accuracy. However, eq.
(5.54) gives a reasonable approximation to the maximal value of the spec-
trum and its characteristic frequencies, even for an enhancement by three
orders of magnitude.
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Appendix B

An alternative formulation in
the two-field case

The differential equations (7.22), (7.23) can be turned into integral equa-
tions through the use of the appropriate Green’s functions. For the curvature
mode, the Green’s function is given by eq. (5.38). For the massive isocur-
vature mode, the generalization is straightforward and the retarded Green’s
function Gi(N,n) for n < N is

G (N,m) = e 3N (mmm (v 5)+ Oy o (%))
g " (B.1)
with

T 3, s M? Nk
P(n) = —563 /2CSC (2 9—4I{2> J_%\/m <e NH> (B2)

T ap ™ M? vk
Q(n) = 563 /2 CSC <2 9 — 4}12> J%\/m <6 NH> . (BS)

Hence, the general solution can be expressed as:

N
Ri(N) = Re(V) =2 [ Gic(Nym) [(,fnmmsm)) T 3m<n>sk<n>] dn (B.4)
N
Sk(N) = Sk(N) + 3 Gk<(N, n) [nf_(n)Sk(n) + ZnL(n)ka(n)] dn, (B.5)

where S,(N), Ry(N) are the homogeneous solutions.
The form of the above equations suggests the ansatz

Ru(N) = e 2V [D(N)Jg/Q (wV%) + E(N)J 3/ (M%” (B.6)
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3 k k
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(B.7)
By substituting in the derivative of eqs. (B.4), (B.5), and matching the
coefficients of the Bessel functions, we obtain a system of four first-order
differential equations:

(B.8)

where FI(N) is a 4 x 4 matrix with elements F;;(N) given by
Fii(N) = Fo(N) = Fy (N) = Fapa(N) =0

F13(N) = 2673N/27]J_(N) (A/(N) - 3A(N)) J%m <6NH>
F14(N) _ 26_3N/277J_(N) (A/(N) — 3A(N)) J_%\/m <€_NH>

Fo3(N) = 273Ny (N)(B'(N) - 3B(N)) J
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This system of equations must be solved with initial conditions at N — —oo.
For the Bunch-Davies vacuum (D, E') = (1,4), while (K, L) are given by egs.
(7.35), (7.36).
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