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�BSTRACTc vE EXAM0NE THE EfECT OF A TRANSh1LANCK0AN PHASE ON THE DYNAM0CS OF 0N5AT0ONARY
TENSOR PERTURBAT0ONS) /O REMEDY THE FACT THAT TH0S REG0ME 0S NOT FULLY CAPTURED BY STANDARD
PERTURBAT0ON THEORY: WE 0NTRODUCE AN EfECT0VE +UANTUM NO0SE SOURCE: WHOSE ROLE 0S REGULATED
BY THE ENERGY SCALE l) /HE PRESENCE OF THE SOURCE MOD0ffiES THE 0N0T0AL COND0T0ONS FOR THE TENSOR
MODES: LEAV0NG A D0ST0NCT 0MPR0NT) vE STUDY THE AMPL0TUDE AND SHAPE OF THE GRAV0TAT0ONAL
WAVE B0SPECTRUM OF THE MODEL AND COMPARE THESE W0TH THE0R COUNTERPARTS OBTA0NED UNDER
THE ASSUMPT0ONS OF &UNCHh,AV0ES 0N0T0AL COND0T0ONS AND �hVACUA STATES) ,EPEND0NG ON THE
VALUE OF THE SCALE l: WE ffiND D0ST0NCT0VE S0GNATURES ASSOC0ATED W0TH BOTH THE B0SPECTRUM
SHAPE AND THE NONhL0NEAR PARAMETER e¯h)

IEXvORDSc ]OSMOLOG0CAL PERTURBAT0ON THEORY 0N 4’ AND BEYOND: 0N5AT0ON: PR0MORD0AL
GRAV0TAT0ONAL WAVES pTHEORY(: TRANSPLANCK0AN PHYS0CS
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-N5AT0ON STANDS AS ONE OF THE MA0N P0LLARS OF OUR CURRENT UNDERSTAND0NG OF COSMOLOGY) -T
SOLVES THE PUZZLES ASSOC0ATED W0TH THE gOT &0G &ANG MODEL AND PROV0DES A MECHAN0SM TO SEED
THE GROWTH OF STRUCTURE bo—fl[) /HESE SUCCESSES OF THE 0N5AT0ONARY PARAD0GM NOTW0THSTAND0NG:
THERE 0S PLENTY WE DO NOT YET KNOW ABOUT 0N5AT0ON) MOST NOTABLY: A HOST OF W0LDLY D0fERENT
0N5AT0ONARY MODELS ARE COMPAT0BLE W0TH CURRENT OBSERVAT0ONS: ]M& EXPER0MENTS BE0NG THOSE
PROV0D0NG THE MOST STR0NGENT CONSTRA0NTS TO DATE) /HE KEY +UEST0ONS THAT REMA0N UNANSWERED
ARE THE ENERGY SCALES 0NVOLVED DUR0NG 0N5AT0ON AND THE ffiELD CONTENT OF THE 0N5AT0ONARY
kAGRANG0AN) -N CURRENT PARLANCE: WE DO NOT YET KNOW AT WHAT ENERGY THE úCOSMOLOG0CAL
COLL0DER“ OPERATES NOR DO WE HAVE CRUC0AL 0NFORMAT0ON ON THE pSELFh(0NTERACT0ONS CHARACTER0S0NG
THE 0N5AT0ONARY PART0CLE ZOO)

’EMARKABLY: AN UNPRECEDENTED ARRAY OF COSMOLOG0CAL PROBES 0S SCHEDULED TO BECOME
OPERAT0ONAL 0N THE NEXT DECADEˆ 0T PROM0SES TO TRANSFORM THE CURRENT P0CTURE OF THE EARLY
UN0VERSE AND ADDRESS SOME OF THE MOST PRESS0NG 0SSUES) vHAT 0S PERHAPS MOST EXC0T0NG 0S THE
PROSPECT OF TEST0NG MORE THAN ˜z DECADES 0N THE FRE+UENCY OF THE GRAV0TAT0ONAL WAVE p4v(
S0GNAL 0N THE COM0NG YEARS) �T ]M& SCALES WE W0LL SOON BE ABLE TO TEST THE ENERGY SCALE OF
0N5AT0ON BY EVERhMOREhSTR0NGENT BOUNDS ON THE TENSOR TO SCALAR RAT0O n pσn ∼ oz�3 FOR E)G)
]M&hr3 EXPER0MENTS bfi: 7[ AND σn ∼ oz�t FOR ]M&hrfl bs: e[ AND k0TE&-’, bn[() kARGEhSCALE
STRUCTURE EXPER0MENTS SUCH AS dUCL0D AND THE ’UB0N 9BSERVATORY W0LL CONSTRA0N 0N5AT0ONARY
0NTERACT0ONS DOWN TO σdmk

o ∼ pA FEW(: WH0LST ˜oCM COSMOLOGY PROM0SES EVEN MORE DOWN THE
L0NE boz[) 40VEN THAT PR0MORD0AL GRAV0TAT0ONAL WAVES ARE A UN0VERSAL PRED0CT0ON OF 0N5AT0ON:
ONE OUGHT TO MENT0ON THE POSS0B0L0T0ES AfORDED BY PULSAR T0M0NG ARRAYS boo—˜o[: AND GROUND
AND SPACEhBASED 0NTERFEROMETERS boo: ˜˜—˜fl[)

-T 0S WORTHWH0LE TO ALSO W0DEN THE OVERALL PERSPECT0VE AND RECALL THAT: ALTHOUGH THE
STRUCTURE WE OBSERVE TODAY MAY OR0G0NATE FROM MAGN0ffiED +UANTUM 5UCTUAT0ONS: CURRENT DATA
0S COMPAT0BLE W0TH BOTH A CLASS0CAL AND +UANTUM OR0G0N OF THE PATTERNS WE SEE 0MPR0NTED

o8nR 6gE cEfmx6xnm nF �mk SEE E.) pt)os( FnR EW�lPIE)

— o —
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0N OUR OBSERVABLES) -NTR0GU0NGLY: KEY 0NS0GHTS ON THE +UANTUM VS CLASS0CAL OR0G0N MAY BE
0NFERRED FROM THE STRUCTURE OF THE COSMOLOG0CAL CORRELAT0ON FUNCT0ONS b˜fi: ˜7[) ]OSMOLOG0CAL
CORRELATORS ARE ALSO SENS0T0VE TO THE CHO0CE OF THE VACUUM OR 0N0T0AL STATE FOR 0N5AT0ON b˜s[) -N
TH0S WORK: WE W0LL GO BEYOND THE STANDARD &UNCHh,AV0ES CHO0CE FOR THE VACUUM AND EXPLORE
OTHER WELLhMOT0VATED 0N0T0AL COND0T0ONS: SUCH AS THOSE KNOWN AS �hVACUA b˜s—3e[) -N5AT0ON
FROM NONhAD0ABAT0C 0N0T0AL STATES COMES W0TH SPEC0ffiC S0GNATURES: 0NCLUD0NG AT THE LEVEL OF
GRAV0TAT0ONAL WAVE NONh4AUSS0AN0T0ES b33: 3n[) v0TH RESPECT TO EX0ST0NG L0TERATURE: OUR WORK
HERE EXPLORES THE EfECT OF A NONhZERO AN0SOTROP0C STRESS TENSOR SOURC0NG GRAV0TAT0ONAL WAVE
PRODUCT0ON) 40VEN THAT THE 0N5AT0ONARY ENERGY REG0ME CAN BE PER0LOUSLY CLOSE TO THE 1LANCK
SCALE: WE W0LL ALSO BE CONCERNED W0TH THE TRANSh1LANCK0AN PROBLEM pSEE E)G) bflz—fl˜[( AND THE
FACT THAT THE STANDARD DESCR0PT0ON OF 0N5AT0ON MAY BREAK DOWN AT SUCH ENERG0ES) vE SHALL
TACKLE THE EfECT OF TRANSh1LANCK0AN PHYS0CS ON 4vS BY ADOPT0NG AN OPEN +UANTUM SYSTEM
DESCR0PT0ON WHERE TENSOR PERTURBAT0ONS EfECT0VELY 0NTERACT W0TH THE0R ENV0RONMENT) vE W0LL
MODEL THE EfECT OF THE ENV0RONMENT BY MEANS OF AN AN0SOTROP0C STRESS TENSOR WH0CH ACCOUNTS
FOR THE DYNAM0CS ABOVE AN ENERGY THRESHOLD l bfl3[) rOME OF US ARGUED 0N bfl3[ THAT SUCH
A SOURCE 0S COMPAT0BLE W0TH A NEARLY SCALEh0NVAR0ANT 4v SPECTRUM AT ]M& SCALES: 0N FULL
AGREEMENT W0TH THE LATEST OBSERVAT0ONS bflfl[) -N TH0S WORK: WE W0LL 0NVEST0GATE THE GRAV0TAT0ONAL
WAVE NONh4AUSS0AN0TY STEMM0NG FROM SUCH A SETUP)

vE W0LL ADD ONE BY ONE THE VAR0OUS LAYERS THAT MAKE UP OUR SYSTEM) vE START W0TH A
S0MPLE SCALAR ffiELD M0N0MALLY COUPLED TO GRAV0TY AND BR0E5Y REV0EW THE CORRESPOND0NG TENSOR
NONh4AUSS0AN0TY) /HE NEXT STEP CONS0STS OF CONS0DER0NG NONhAD0ABAT0C 0N0T0AL STATES: SPEC0ffiCALLY
�hVACUA) kAST: WE CONS0DER THE EfECT OF NONhZERO AN0SOTROP0C STRESS WHOSE DYNAM0CS ARE
REGULATED BY THE D0MENS0ONAL +UANT0TY l)

/H0S PAPER 0S STRUCTURED AS FOLLOWS) -N SECT0ON ˜)o: WE PROV0DE A REV0EW OF THE DYNAM0CS
ASSOC0ATED W0TH THE TENSOR MODES DUR0NG THE 0N5AT0ONARY PER0OD) �DD0T0ONALLY: WE PRESENT A
THOROUGH ANALYS0S OF THE ESSENT0AL METHODOLOG0ES RE+U0RED FOR 0NVEST0GAT0NG THE B0SPECTRUM)
=URTHERMORE: WE PRESENT THE OUTCOMES OBTA0NED SPEC0ffiCALLY FOR THE &UNCHh,AV0ES VACUUM
SELECT0ON) -N SECT0ON ˜)˜: WE 0NTRODUCE THE CONCEPT OF DEGENERACY 0N THE VACUUM STATE AND
H0GHL0GHT THE KEY D0ST0NCT0ONS FROM THE PREV0OUS SECT0ON BY 0NCORPORAT0NG A CUThOf ENERGY
SCALE FOR THE VACUUM SELECT0ON) kASTLY: 0N SECT0ON 3: WE EXTEND THE SCOPE OF OUR ffiND0NGS BY
0NCORPORAT0NG A TRANSh1LANCK0AN SOURCE THAT 0MPACTS THE SHAPE OF THE B0SPECTRUM LEAV0NG
D0ST0NCT 0MPR0NTS)

3 sdmSnR ayS1dCTR2lc vyTg Am: vyTgn2T A C2Thnf dmdR4w SCAkd

3po a2mCgh:Au0dS uAC22l

-N TH0S SECT0ON: WE W0LL BR0E5Y REV0EW THE RESULTS ON TENSOR NONh4AUSS0AN0TY 0N THE CASE OF
THE STANDARD &UNCH ,AV0ES VACUUM) ¯ATURALLY: THE START0NG PO0NT FOR THE TREEhLEVEL POWER
SPECTRUM 0S THE +UADRAT0C ACT0ON DESCR0B0NG THE BEHAV0OUR OF THE TENSOR DEGREES OF FREEDOM OF
GENERAL RELAT0V0TY: WH0LST THE CUB0C ACT0ON 0S NECESSARY TO ARR0VE AT THE THREEhPO0NT FUNCT0ON OR:
E+U0VALENTLY: THE B0SPECTRUM) kET US CONS0DER AS THE 0N5AT0ONARY kAGRANG0AN THAT OF S0NGLEhffiELD
SLOWhROLL: 0)E) GENERAL RELAT0V0TY M0N0MALLY COUPLED TO A úMATTER“ kAGRANG0AN Hl�66E+ˆ

H – HD4 + Hl�66E+ –
|
�f

]
o
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[
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8042Rd op ’EPRESENTAT0ON OF THE THREE CONffiGURAT0ONS FOR THE MOMENTA pio. i3. it() ]ASE pA(ˆ
dQU0LATERAL CONffiGURAT0ON MEAN0NG THAT io ≈ i3 ≈ it) ]ASE pB(ˆ rQUEEyED CONffiGURAT0ON: it ≪ io ≈ i3)
]ASE pC(ˆ –OLDED SHAPE: it ≈ io + i3)

WHERE WE SET K1L TO ONE) dXPAND0NG E+) p˜)o( AROUND THE =k’v SOLUT0ON UP TO THE SECOND
ORDER: FOCUS0NG ON STANDARD TENSOR 5UCTUAT0ONS: ONE OBTA0NS THE FOLLOW0NG L0NEAR0ZED E+UAT0ONS
OF MOT0ONˆ

g′′� + ˜Ag′� + i3g� – o7πFY3.�pτ( p˜)˜(

WHERE THE AN0SOTROP0C STRESS TERM . 0N THE R)H)S) 0S THE SOURCE TERM: EAS0LY DER0VED FROM E+) p˜)o()
-N THE PREV0OUS E+UAT0ON: WE DROPPED THE POLAR0ZAT0ON 0NDEX r FOR THE SAKE OF NOTAT0ON WHEREAS
THE +UANT0TY gr� 0S REFERRED TO AS THE =OUR0ER TRANSFORM OF THE TENSOR PERTURBAT0ON gfi ) gERE
AND 0N SECT0ON ˜)˜ WE SHALL WORK W0TH0N THE CONTEXT OF S0NGLEhffiELD SLOWhROLL 0N5AT0ON AND W0LL
THEREFORE NEGLECT THE SUBLEAD0NG CORRECT0ON DUE TO THE . TERM) &Y V0RTUE OF US0NG THE REhSCALED
ffiELD u ≡ Ypτ(g 0N E+) p˜)˜(: ONE ARR0VES AT THE MUKHANOVhrASAK0 E+UAT0ONˆ

u′′� +
)
i3 � Y′′

Y

(
u� – z . p˜)3(

0N WHAT FOLLOWS WE W0LL USE THE RELAT0ON Ypτ( – � o
/τ WH0CH 0S EXACT 0N DE r0TTER AS WELL AS A

GOOD APPROX0MAT0ON 0N +UAS0 DE r0TTER SPACET0ME SUBiECT TO SLOWhROLL CORRECT0ONS) vE THEN
DEAL W0TH THE FOLLOW0NG COMB0NAT0ON OF THE &ESSEL FUNCT0ONSˆ

ujpτ( – AjVµpi. τ(+AjHµpi. τ( . p˜)fl(

WHERE ν ≈ 3<˜ FOR A +UAS0 DE r0TTER BACKGROUND pUP TO THE ffiRST SLOWhROLL CORRECT0ONS()
-N THE FOLLOW0NG: WE W0LL EMPLOY THE 0Nh0N FORMAL0SM TO TACKLE SECOND AND H0GHERhORDER

CORRELAT0ON FUNCT0ONS) /HE TREEhLEVEL CONTR0BUT0ON TO THE TENSOR THREEhPO0NT FUNCT0ON READSˆ

fl}z|cgro�o
pτ(cgr3�3

pτ(cgrt�t
pτ(|z⟩fl – �h

∑ τ

�∞
aτ ′Ypτ ′(}

∫
cgro�o

pτ(cgr3�3
pτ(cgrt�t

pτ(. cGpt(
H pτ ′(

[
⟩ . p˜)fi(

WHERE THE OPERATOR cg 0S SUCH THAT cg� – g�cY� + g∗��cY
†
��) gENCEFORTH: WE W0LL FOREGO DETA0L0NG

THE SPEC0ffiC ARRANGEMENT OF EXPECTAT0ON VALUES FOR CONC0SENESS: WH0LE CONS0STENTLY EMPLOY0NG
THE 0Nh0N FORMAL0SM) /HE GRAV0TAT0ONAL SELFh0NTERACT0ONS OF GENERAL RELAT0V0TY MAK0NG UP THE
CUB0C gAM0LTON0AN 0N THE 0NTERACT0ON P0CTURE ARE G0VEN BY b3˜: flfi—fls[ˆ

cGpt(
H pτ( – � o

K5
1L

∑
atv Ypτ(

)
cgfjcgik �

o
˜
cgficgjk

(
>j>kcgfi ▷ p˜)7(

— 3 —
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=OLLOW0NG STANDARD PRACT0CE pSEE b3e: fle: fln[(: WE WR0TE THE POWER SPECTRUM ASˆ

}cgfipIo(cgjkpI3(⟩ – p˜π(tδpt(pIo + I3(Ofi.jkpI( p˜)s(

WHERE WE DEffiNED THE LAST TERM ON R)H)S) AS Ofi.jkpI( – |g�|3σfi.jkpI(: WHERE THE σ TENSOR
ENCODES ALL THE 0NFORMAT0ON ABOUT THE POLAR0ZAT0ON TENSORSˆ

σfi.jkpI( –
∑

r

d
pr(
fi d

∗pr(
jk p˜)e(

AND THE B0SPECTRUM ASˆ

}cgfoiopIo(cgf3i3pI3(cgftitpIt(⟩ – p˜π(sδtpIo + I3 + It(O3
s
3Afoiof3i3ftit p˜)n(

WHERE O3
s 0S THE AMPL0TUDE OF THE STANDARD TENSOR POWER SPECTRUM 0)E) Os – G3<p˜πK1L(3

AND THE TERM 3Afoiof3i3ftit CAN BE DECOMPOSED 0NTO TWO PARTSˆ

3Afoiof3i3ftit – A× Mfoiof3i3ftit ▷ p˜)oz(

/HE TENSOR0AL PART OF THE LAST TERM 0S G0VEN BYˆ

Mfoiof3i3ftit – σfoio.jkpI(σfi.jkpI(
)
itjitkσfi.jkpIt(�

o
˜itfitjσfi.jkpIt(

[
+ PERMS▷OFPo. ˜. 3{

p˜)oo(
AND SO: OVERALL: 0T DEPENDS UPON THE SPEC0ffiC POLAR0ZAT0ON STATE pro. r3. rt( WE CHOSE FOR THE
BAS0S: 0)E) Mfoiof3i3ftitd

pro(
foio

d
pr3(
f3i3

d
prt(
ftit

≡ M ror3rt ) /O MAKE CONTACT W0TH THE L0TERATURE: WE W0LL
ALWAYS MAKE USE OF THE p+++( POLAR0ZAT0ON) /HE TERM A 0S 0NSTEAD REFERRED TO AS THE SCALAR
COUNTERPART WH0CH CAN BE 0NTEGRATED OUT FROM THE TENSOR0AL FACTOR AND CAN BE COMPUTED
BY MEANS OF THE 0Nh0N FORMULA WE SHOWED ABOVE) /HEN: TAK0NG iUST THE S0NGLE POLAR0ZAT0ON
+++: AND DEffiN0NG JI – io + i3 + it WE OBTA0Nˆ

M))) – J=
I

o˜epioi3it(3



Jt
I �

∑

f ̸ei
i3f ii � flioi3it



 ▷ p˜)o˜(

=ROM NOW ON: ONCE WE SET A G0VEN TENSOR POLAR0ZAT0ON STATE p0)E) THE M ror3rt FUNCT0ON( WE
W0LL iUST HAVE TO COMPUTE THE A FACTOR)

=ROM E+S) p˜)fi(: p˜)7( ONE READ0LY DER0VES

fl}z|cg�opτ(cg�3pτ(cg�tpτ(|z⟩fl – L0M
τ→2

o
K5

1L
ℑ
∫
g�opτ(g�3pτ(g�tpτ(

∑ τ

�∞
aτ ′g�opτ ′(g�3pτ ′(g�tpτ ′(

[

p˜)o3(
WHERE: 0N THE LAST FORMULA: WE HAVE TEMPORAR0LY REh0NSTATED THE 1LANCK MASS 0N ORDER TO MAKE
AN EASY COMPAR0SON W0TH THE L0TERATURE) -MPLEMENT0NG THE &UNCHh,AV0ES COND0T0ON FOR THE
VACUUM 0S TANTAMOUNT TO RE+U0R0NG THE FOLLOW0NG BEHAV0OUR DEEP 0NS0DE THE HOR0ZON:

uj≫T/ → d�fjτ|
˜i

▷ p˜)ofl(

/H0S PRESCR0PT0ON 0S E+U0VALENT TO ASK0NG THE MODE FUNCT0ONS TO BE 0N THE0R 5AT pM0NKOWSK0AN(
CONffiGURAT0ON AT THE BEG0NN0NG OF THE0R EVOLUT0ON) �S WE SHALL SEE SHORTLY: TH0S CORRESPONDS TO

— fl —
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THE úM0N0MAL“ CHO0CE FOR THE &OGOL0UBOV COEffC0ENTS Aj AND Aj p0)E) Aj – o AND Aj – z()
/HE CHO0CE OF THE &, VACUUM 0S FURTHER MOT0VATED BY THE FACT 0T 0S A +UANTUM ATTRACTOR
FOR THE SYSTEM bfiz[) =ROM THE PREV0OUS EXPRESS0ON: ONE ARR0VES AT THE FOLLOW0NG VALUE FOR
THE AMPL0TUDE OF TENSOR NONh4AUSS0AN0T0ES:

AaB – �
)
G

K1L

(3
∫

f i
t
f + ˜


f ̸ei i

3
f ii

[

eJ3
I pioi3it(t

. p˜)ofi(

WHERE THE SUBSCR0PT ú&,“ UNDERSCORES THE CURRENT CHO0CE OF THE VACUUM: 0N CONTRAD0ST0NCT0ON
TO THE OPT0ONS WE W0LL EXPLORE 0N SECT0ON ˜)˜) /HE MOMENTA DEPENDENCE OF THE B0SPECTRUM:
THAT 0S: THE SHAPE OF NONh4AUSS0AN0TY: 0S 0LLUSTRATED 0N ffiGURE ˜: WH0CH CLEARLY SHOWS A PROffiLE
THAT 0S VERY WELL DESCR0BED BY THE LOCAL TEMPLATE bfio[) -T 0S CONVEN0ENT AT TH0S STAGE TO
DEffiNE THE NONhL0NEAR PARAMETER e¯h FOR THE TENSOR THREEhPO0NT FUNCT0ON) =OLLOW0NG STANDARD
PRACT0CE b3n: fi˜[: WE DEffiNE 0T ASˆ

e¯h –
3A)))

Mspio(Mspi3(+ PERM▷
. p˜)o7(

WHERE THE Ms WE USED FOR e¯h 0S THE D0MENS0ONAL DEffiN0T0ON FOR THE POWER SPECTRUM: 0)E)
itMs – Os AND THE NUMERATOR REPRESENTS THE B0SPECTRUMˆ

3A))) – Jt
I

�
ito � pi3 + it( i3o � pi3 � it( 3io + pi3 � it( 3 pi3 + it(

(

oz˜fli=oi=3i=t
×

]
ito + ˜ pi3 + it( i3o + ˜

]
i33 + iti3 + i3t

(
io + it3 + itt + ˜i3i3t + ˜i33it

(
▷ p˜)os(

vE STRESS HERE THAT THE DEffiN0T0ON OF e¯h 0S NOT UN0VOCAL AS ONE MAY S0MPLY BU0LD THE EST0MATOR
ASSOC0ATED W0TH ANY G0VEN DEffiN0T0ON) ,EPEND0NG ON THE SHAPE OF THE B0SPECTRUM: ONE MAY
DEffiNE D0fERENT NONhL0NEAR PARAMETERS) 9NE TYP0CALLY TR0ES TO CAPTURE: W0TH A G0VEN e¯h
DEffiN0T0ON: A ffiN0TE WELLhDEffiNED AMPL0TUDE THAT BEST S0GNALS THE DEPARTURE FROM 4AUSS0AN0TY)
-N WHAT FOLLOWS WE SHALL ALSO MAKE USE OF A COMPLEMENTARY DEffiN0T0ON TO THE ONE G0VEN 0N
E+) p˜)o7(: NAMELY

e dlf�¯h –
3A)))

pMspio(Mspi3(+PERMp(+3pMspio(Mspi3(Mspit((3,t�bpMspio(M 3
s pi3(M t

s pit((o,t+PERMp[
▷

p˜)oe(
/HE +UANT0TY e dlf�¯h 0S 0NDEED: PART0CULARLY USEFUL WHENEVER THE B0SPECTRUM PROffiLE 0S OF THE
FOLDED TYPE: 0)E) WHEN THE MAX0MA OF THE SHAPEhFUNCT0ON CORRESPOND TO A WHOLE L0NE 0N THE
pi3<io. it<io( PLANE: SEE ffiGURE o)

/O PROV0DE AN EXPL0C0T EXAMPLE: 0N THE CASE OF &UNCHh,AV0ES VACUUM: FOR E+) p˜)o7(
ONE 0MMED0ATELY ffiNDS

eaB¯h – Jt
I p˜i3 �JI ( p˜it �JI ( p˜i3 + ˜it �JI (

o73efli3oi33i3t
�
ito + it3 + itt

(

×
]
�i3J3

I � itJ
3
I + i33JI + i3tJI + i3i

3
t + i33it +Jt

I

(

AND A CORRESPOND0NG EXPRESS0ON 0S FOUND EMPLOY0NG E+) p˜)oe()
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8042Rd 3p 1LOT OF THE SHAPE FUNCT0ON A E+) p˜)os( MULT0PL0ED BY pi3<io(pit<io( TO MATCH THE OTHER
RESULTS 0N L0TERATURE bfle[) /HE PLOT 0S NORMAL0ZED TO UN0TY FOR E+U0LATERAL CONffiGURAT0ON)

3e¯h FOR STANDARD 4’ + &, VACUUM
d+U0LATERAL r+UEEZED
z▷zzn33× n3 z▷zz˜n3× n3

6ABkd op uALUES OF 3elh OBTA0NED FOR THE THREE D0fERENT CONffiGURAT0ONS AND THE &, VACUUM) vE
OBTA0NED THESE NUMBERS BY SETT0NG iLnN4 ≈ oz�tirgn+6 FOR THE S+UEEZED L0M0T)

�S WE CAN NOT0CE: THE VAN0LLA MODEL PRED0CTS ffiXED VALUES FOR THE NONhL0NEAR PARAMETER)
/HE ONLY TWO CONffiGURAT0ONS 0N WH0CH THE e¯h PARAMETER 0S EfECT0VELY NONhZERO: ARE THE
E+U0LATERAL AND THE S+UEEZED ONES pTHE FOLDED L0M0T: FOR THE &, 0N0T0AL COND0T0ON: 0S ALWAYS
NULL 0N E0THER DEffiN0T0ON FOR THE e¯h WE TAKE() gOWEVER: AS WE SHALL SEE: THE FOLDED L0M0T 0S
THE ONE WH0CH 0S MORE SENS0T0VE TO A VAR0AT0ON OF THE 0N0T0AL COND0T0ONS) vE STRESS THAT YET
ANOTHER DEffiN0T0ON OF e 6ENr¯h 0S W0DELY 0N USE pSEE E)G) b33[(ˆ

3e¯h –
3A)))

Mζpio(Mζpi3(+ PERM▷
–

3A)))
Mspio(Mspi3(+ PERM▷

n3 ≡ e¯hn
3 p˜)on(

-N TABLE o WE SHOW THE RESULTS DEPEND0NG UPON THE TENSORhTOhSCALAR RAT0O n)

3p3 � uAC2A AmD ffwdD 0m0T0Ak T0ld Cg90Cd

gAV0NG 0NTRODUCED ALL THE NECESSARY TOOLS 0N THE PREV0OUS SECT0ON: WE CAN NOW TACKLE GENERALh
0ZED6M0XED STATES 0N THE EARLY 2N0VERSE) r0NCE THE 0N5AT0ONARY DYNAM0CS TAKE PLACE 0N AN
APPROX0MATE DE r0TTER BACKGROUND: WE HAVE A FAM0LY OF D0fERENT: E+U0VALENT: VACUA) /H0S 0S
DUE TO THE LACK OF T0MEhL0KE J0LL0NG VECTORS 0N A GENERAL DYNAM0CAL BACKGROUND SEE E)G) bfi3[)
/HE GENERAL SOLUT0ON OF THE MUKHANOVhrASAK0 E+UAT0ON CAN BE WR0TTEN 0N TERMS OF gANKEL
FUNCT0ONS EVALUATED FOR ν – 3<˜ AS

gjpτ( –
Aj

Ypτ(
d�fjτ|

˜i

)
o� h

iτ

(
+ Aj

Ypτ(
dfjτ|
˜i

)
o+ h

iτ

(
≡ Ajtj +Ajt

∗
j. p˜)˜z(
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WHERE THE TWO T0MEh0NDEPENDENT PARAMETERS Aj AND Aj ARE KNOWN AS &OGOL0UBOV COEffh
C0ENTS) /HESE COEffC0ENTS ARE BOUND TO THE NORMAL0ZAT0ON COND0T0ON 0MPOSED BY RE+U0R0NG
THE CONSERVAT0ON OF THE CANON0CAL RELAT0ONS FOR THE LADDER OPERATORS Y� AND Y†�: THAT 0S:
bY�′ . Y†�[ – δtpI′ � I() �S A RESULT: ONE ffiNDSˆ

|Aj|3 � |Aj|3 – o ▷ p˜)˜o(

/H0S RELAT0ON ALLOWS FOR A S0MPLE PARAMETR0ZAT0ON 0N TERMS OF HYPERBOL0C FUNCT0ONS: G0V0NG:
FOR THE WAVEFUNCT0ON gˆ

gjpτ( – tj COSH�+ t∗jd
f� S0NH�. p˜)˜˜(

WHERE THE TWO PARAMETERS �.β CAN VARY 0N THE RESPECT0VE RANGEˆ � ∈ bz.+∞( AND β ∈ p�π.π()
vE NOTE HERE THAT NONhZERO VALUES FOR β WOULD BREAK T0MEhREVERSAL 0NVAR0ANCE SO THAT

THE +UANTUM STATE WOULDNqT BE 0NVAR0ANT UNDER THE SYMMETRY GROUP r9pfl. o() rETT0NG SET
β – z 0S ALSO NECESSARY 0N ORDER TO SMOOTHLY REDUCE TO THE CHO0CE OF A &UNCHh,AV0ES VACUUM)
=OR A COMPLETE TREATMENT OF THE PROPERT0ES OF THE VACUA 0N +UAS0hDE r0TTER pDr( AND M0XED
STATES: SEE b˜e[ AS WELL AS b3s: 3n: fifl[)

�T TH0S STAGE ONE TYP0CALLY CONVERGES TOWARDS SPEC0ffiC COMB0NAT0ONS OF THE &OGOL0UBOV
COEffC0ENTS: SEE bfifl: fifi[ FOR SOME WELLhMOT0VATED EXAMPLES) -N TH0S SECT0ON: WE SHALL TAKE
THE PO0NT OF V0EW OF bfi7: fis[ WH0CH UNDERSCORES THE FACT THAT 0N0T0AL COND0T0ONS ARE OFTEN
0MPOSED FOR VERY LARGE MOMENTA) -N TH0S REG0ME: ONE DOES NOT HAVE COMPLETE CONTROL OF
THE +UANTUM ffiELD THEORY DESCR0PT0ON) -T 0S THEN CONVEN0ENT TO SET A CUTOf SCALE l THAT
L0M0TS THE REM0T OF THE STANDARD TREATMENT) 9NE MAY E+U0VALENTLY 0DENT0FY THE CORRESPOND0NG
pCONFORMAL( T0ME mτ DEffiNED ASˆ

mτj – � l
iG

p˜)˜3(

�DD0T0ONAL RELATED POSS0B0L0T0ES HAVE BEEN CONS0DERED 0N bfie[) /HE +UANT0ZAT0ON PROCEDURE 0S
STANDARD: W0TH THE CAVEAT THAT THE VACUUM ANN0H0LAT0ON HOLDS AT A PREC0SE T0ME 0N THE EVOLUT0ON:

cY�pmτj(|z⟩ – z . p˜)˜fl(

SOMETH0NG COMMONLY KNOWN 0N L0TERATURE b3fl: fifl: fi7: fis[ AS 0NSTANTANEOUS VACUUM) 9NE
+U0CKLY ARR0VES bfis[ AT THE FOLLOW0NG EXPRESS0ON FOR THE &OGOL0UBOV COEffC0ENTS:

Aj –
]
o+A3

j Aj – G

˜l ▷ p˜)˜fi(

2P TO SLOWhROLL CORRECT0ONS: BOTH COEffC0ENTS ARE NOT EXPL0C0TLY DEPENDENT ON THE SCALE i)
/HE KEY +UANT0TY 0S THE G<l RAT0O: W0TH G A GOOD PROXY FOR THE ENERGY SCALE OF 0N5AT0ON
AND l S0GNALL0NG WHEN +UANTUM GRAV0TAT0ONAL EfECTS BECOME 0MPORTANT) /HE RESULT0NG
TWOhPO0NT FUNCT0ON 0S

M d▷s▷ – M 2
s

)
o+ G

l S0N l
G

[
. p˜)˜7(

WHERE THE OSC0LLAT0NG FEATURE REGULATED BY G<l 0S COMPLETELY NEGL0G0BLE FOR TYP0CAL p0)E) LARGE(
VALUES OF l) -N E+) p˜)˜7( WE FACTORED OUT THE +UANT0TY M 2

s : 0)E) THE STANDARD &UNCHh,AV0ES
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8042Rd tp 1LOT OF THE SHAPE FUNCT0ON A E+) p�)o( MULT0PL0ED BY pi3<io(pit<io() /HE PLOT 0S NORMAL0ZED
TO UN0TY FOR E+U0LATERAL CONffiGURAT0ON)

POWER SPECTRUM) /HE UPPERhSCR0PT úe▷s▷“ H0GHL0GHTS THAT TH0S 0S THE POWER SPECTRUM RESULT0NG
FROM AN 0N0T0AL COND0T0ON P0CKED AT A ffXED T0ME AT THE BEG0NN0NG OF 0N5AT0ON) vE CAN NOW MOVE
ON TO EXPLORE THE EfECTS OF A NONhTR0V0AL 0N0T0AL STATE ON GRAV0TAT0ONAL WAVE NONh4AUSS0AN0T0ES)
vE W0LL EMPLOY THE VERY SAME FRAMEWORK WE DESCR0BED 0N SECT0ON ˜)o TO EST0MATE THE NONhL0NEAR
PARAMETER AND THE B0SPECTRUM SHAPE FUNCT0ON) /HE SHAPE FUNCT0ON 0N ffiGURE 3 PEAKS ALONG
THE D0AGONAL L0NE OF THE pi3<io. it<io( PLANE) /H0S BEHAV0OUR 0S CHARACTER0ST0C OF THE SOhCALLED
FOLDED SHAPE AND 0T HAS BEEN SHOWN TO AR0SE E)G) 0N THE SCALAR SECTOR 0N THE CASE OF NONh&,
VACUA pb3fi: 3n: fl7: fin[() /H0S CONTR0BUT0ON 0S A CHARACTER0ST0C S0GNATURE OF THE PRESENCE OF A
NONhZERO Aj COEffC0ENT WH0CH 0S RESPONS0BLE FOR THE PART0CLE NUMBER DENS0TY pbfl7: 7z[() vHEN
DEAL0NG W0TH TH0S +UANT0TY 0T TURNS OUT TO BE CONVEN0ENT TO 0NTRODUCE A SU0TABLE MOMENTUM
CUThOf ω AND CORRESPOND0NG REGULAR0ZED MOMENTUM Io – I3 + It + ω: FOLLOW0NG A PROCEDURE
THAT REMOVES ANY UNPHYS0CAL D0VERGENCE bfl7[) 9UR EXPL0C0T COMPUTAT0ON ARR0VES AT THE SAME
MOMENTA BEHAV0OUR OBTA0NED 0N b3n[) 9NE D0fERENCE 0S THAT: 0N PLACE OF THE GEOMETR0CAL �
PARAMETER FOR THE PARAMETR0ZAT0ON OF THE 0N0T0AL +UANTUM STATE: WE CHOOSE TO H0GHL0GHT 0NSTEAD
THE PREC0SE DEPENDENCE ON THE ENERGY SCALE l) -N APPEND0X � WE REPORT THE EXPL0C0T EXPRESS0ON
FOR BOTH THE e¯h PARAMETER AND THE &0SPECTRUM SHAPE FUNCT0ON A)

-NSPECT0ON OF E+) p�)˜( REVEALS THE EXPECTED DEPENDENCE OF THE NONhL0NEAR PARAMETER ON
THE l<G RAT0O) -N ffiGURE fl WE PLOT THE úRUNN0NG“ OF D0fERENT CONffiGURAT0ONS AS A FUNCT0ON OF
TH0S RAT0O W0TH A CUThOf ENERGY L0M0TED BY THE 1LANCK MASS AND THE gUBBLE RATE L0M0TED TO
BE AT MOST ozot4Eu) /HE NONhL0NEAR PARAMETER MAY AC+U0RE NEGAT0VE VALUES 0N THE S+UEEZED
CONffiGURAT0ON) -N EVERY CONffiGURAT0ON: WHEN l APPROACHES THE 1LANCK MASS THE NONhL0NEAR
PARAMETER VALUES APPROACH THE PRED0CT0ONS OBTA0NED 0N THE STANDARD CASE)
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8042Rd 5p dVOLUT0ON OF THE elh PARAMETER AS A FUNCT0ON OF THE RAT0O l<G FOR THE E+U0LATERAL AND
S+UEEZED CONffiGURAT0ONS)

t rTnCgASTyC Sn2RCd

-N TH0S SECT0ON: WE SHALL MODEL THE PHYS0CS THAT MAY RESULT: FOR EXAMPLE: FROM THE PRESENCE OF
ADD0T0ONAL DEGREES OF FREEDOM SOURC0NG THE TENSOR SECTOR) /HE AN0SOTROP0C STRESS TENSOR 0N THE
4v E+UAT0ON ENCODES SUCH CONTR0BUT0ONS) ¯EGL0G0BLE 0N THE STANDARD S0NGLEhffiELD SLOWhROLL
SCENAR0O: THESE MAY PLAY A LEAD0NG ROLE 0N A HOST OF pPREh(0N5AT0ONARY REAL0ZAT0ONS) 9NE MAY
START FROM THE NOT0ON THAT MODES CREATED AT VERY EARLY T0MES HAVE NECESSAR0LY EXPER0ENCED A
TRANSh1LANCK0AN REG0ME bflz—fl˜: fi7[ ON WH0CH WE HAVE L0M0TED ACCESS) =OLLOW0NG THE APPROACH
OF bfl3[ WE W0LL ACCOUNT FOR THE PHYS0CS STEMM0NG FROM A TRANSh1LANCK0AN REG0ME THROUGH THE
USE OF A STOCHAST0C SOURCE WH0CH: AT THE kAGRANG0AN LEVEL: 0S FORMALLY AN 0NTERACT0ON BETWEEN
THE TENSOR ffiELD gfi AND AN EfECT0VE OPERATOR .fi ) /HE MA0N RESULT OF THE WORK 0N bfl3[ 0S
THAT THE PRED0CT0ON FOR THE AMPL0TUDE OF THE GRAV0TAT0ONAL WAVE POWER SPECTRUM FROM THE
&, VACUUM 0S iUST A PART0CULAR CASE 0N A CONT0NUOUS SPECTRUM OF POSS0B0L0T0ES DEPEND0NG
ON THE l<G RAT0O) MUCH AS 0N bfl3[: OUR MOT0VAT0ONS ARE THE FOLLOW0NG) /HE DESCR0PT0ON OF
PR0MORD0AL +UANTUM PERTURBAT0ONS CANNOT BE TREATED AS A CLOSED +UANTUM SYSTEM: BUT RATHER
AN OPEN ONE) /H0S MEANS THAT THE L0NEAR APPROX0MAT0ON FOR THE PERTURBAT0ONS 0S NOT ADE+UATE:
ESPEC0ALLY WHEN THE PHYS0CAL MODES APPROACH A G0VEN CUThOf SCALE: CLOSE TO A PURE +UANTUM
GRAV0TAT0ONAL REG0ME: 0)E) i<Ypτ ( ≈ l) 9NE CAN CONS0DER SUCH NONhL0NEAR0T0ES 0N MAN0FOLD WAYS)
=0RST: ONE CAN NATURALLY TACKLE H0GHERhORDER PERTURBAT0ON THEORY) �N ALTERNAT0VE APPROACH 0S
TO DESCR0BE NONhL0NEAR0T0ES BY MEANS OF COLLECT0VE FORCES: 0)E) ADOPT THE MEANhffiELD TREATMENT)
/HE LATTER ONE W0LL BE OUR APPROACHˆ 0T CONS0STS OF A PARAMETR0ZAT0ON OF THE SOURCE TERM .fi

AS A 4AUSS0AN: STOCHAST0C: T0ME 8 UNCORRELATED: TERM W0TH POSS0BLY AN EXPL0C0T i DEPENDENCE)
/H0S TERM OUGHT TO SW0TCH Of AT THE T0ME mτj WHEN PERTURBAT0ONS BECOME SUBh1LANCK0AN AND
BOTH 4’ AND THE L0NEAR REG0ME CAN BE TRUSTEDˆ

g′′j + ˜Ag′j + i3gj – o7πFY3.j τ , mτj p3)o(
g′′j + ˜Ag′j + i3gj – z τ / mτj▷ p3)˜(

/HE SOURCE TERM 0S TREATED AS A +UANTUM OBiECT MUCH AS ARE TENSOR 5UCTUAT0ONS) �S STANDARD:
WE 0NTRODUCE THE LADDER OPERATORS

c.n
�pτ( – .jpτ(cYn� + .∗

jpτ(cY
n†
�� ▷ p3)3(
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gERE TOO: WE FOLLOW CLOSELY THE SAME APPROACH OF bfl3[ WHERE THE SEA FROM WH0CH THE TRANSh
1LANCK0AN MODES EMERGE 0S REAL0ZED AS A &ROWN0AN ENV0RONMENT: AND THE SOURCE 0S FULLY
SPEC0ffiED BY THE FOLLOW0NG COND0T0ONSˆ

}.jpτ(⟩ – z p3)fl(
}.jpτ(.∗

jpτ ′(⟩ – l7B pi(δpτ � τ ′( . p3)fi(

WHERE WE HAVE 0NTRODUCED A D0MENS0ONFUL NORMAL0ZAT0ON CONSTANT 0N THE TWOhPO0NT FUNCT0ON
FOR THE NO0SE) ¯OTE THAT: 0N THE CURRENT CONTEXT THE BRACKETS HAVE A DOUBLE ROLEˆ THE USUAL
EXPECTAT0ON VALUE OVER +UANTUM STATE CONffiGURAT0ONS AND THE STAT0ST0CAL ENSEMBLE AVERAGE
OVER STOCHAST0C CONffiGURAT0ONS OF THE NO0SE) gERE WE W0LL L0M0T THE ANALYS0S TO A WH0TE NO0SE
SPECTRUM B pi( – o) =URTHER ANALYS0S CONS0DER0NG THE BLACK HOLE PLASMA MODEL DESCR0BED
0N bfl3[ W0LL BE CONS0DERED ELSEWHERE)

/HE GLOBAL SOLUT0ON FOR g 0S THEN OBTA0NED BY 0MPLEMENT0NG STANDARD MATCH0NG COND0T0ONSˆ

L0M
τ→mτ�

�

gjpτ( – L0M
τ→mτ.

�

gjpτ( p3)7(

L0M
τ→mτ�

�

g′jpτ( – L0M
τ→mτ.

�

g′jpτ(▷ p3)s(

/HE PART0CULAR SOLUT0ON OF THE NONhHOMOGENEOUS E+) p3)o( 0S G0VEN BYˆ

gjpτ( –
o7πF
Ypτ(

∑ τ

�∞
aτ ′Ypτ ′(Fjpτ. τ ′(.jpτ ′(. p3)e(

WHERE THE 4REENqS FUNCT0ON Fj 0S pSEE E)G) b7o[(ˆ

Fjpτ. τ ′( –
d�fjpτ)τ ′(

˜itτ ′3
∫
d3fjτ po� hiτ(p�h+ iτ ′(+ d3fjτ

′po+ hiτ(ph+ iτ ′(
[
tpτ � τ ′(. p3)n(

WH0CH SHOULD BE ADDED TO THE SOLUT0ON OF THE HOMOGENOUS ONE DEffiNED 0N p3)˜() /HE LATTER 0S
DEffiNED BY THE 0N0T0AL COND0T0ON WE G0VE AT τ → �∞) rUCH THAT THE TOTAL SOLUT0ON FOR τ , τj
0S G0VEN BY THE SUM OF THE TWOˆ g6n6j – gHnlj + gP�+6j ) /HE MATCH0NG OF THE SOLUT0ON ACROSS mτ
ENFORCES SPEC0ffiC COND0T0ONS ON THE &OGOL0UBOV COEffC0ENTS Aj. Aj) -NTEREST0NGLY: FROM TH0S
PO0NT OF V0EW A NONhHOMOGENEOUS E+UAT0ON 0N THE TRANSh1LANCK0AN REG0ME 0S E+U0VALENT TO THE
SELECT0ON OF A NONh&UNCHh,AV0ES 0N0T0AL STATE: SEE bfl3[ FOR A THOROUGH STUDY OF SUCH E+U0VALENCE)

�S ONE CAN SEE 0N ffiGURE 7 AND ffiGURE s THE MOST S0GN0ffiCANT NONhL0NEAR PARAMETERS ARE
THOSE 0N THE S+UEEZED AND THE FOLDED L0M0TS)3

=0NALLY: WE CAN CONCLUDE THAT TH0S CLASS OF MODELS CAN SUPPORT LARGE TENSOR NONh4AUSS0AN0h
T0ES)

4 bnmCk2SynmS

/HE STANDARD TREATMENT OF COSMOLOG0CAL OBSERVABLES FROM THE VERY EARLY UN0VERSE 0S OFTEN
OBL0V0OUS TO PREh0N5AT0ONARY DYNAM0CS) /H0S 0S NOT SURPR0S0NG G0VEN THAT: DESP0TE GREAT
PROGRESS E)G) 0N STR0NG THEORY: A PRED0CT0VE AND TESTABLE 2u COMPLETE THEORY FOR GRAV0TAT0ONAL

3vgERE 6gE I�66ER g�S aEEm cERx2Ec �bbnRcxmfi 6n E.) pt)oe()
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8042Rd fip ]HARACTER0ST0C SHAPE OF THE B0SPECTRUM 0N THE PRESENCE OF A STOCHAST0C SOURCE)

8042Rd 7p kOG1LOT OF THE NONhL0NEAR PARAMETER FOR THE E+U0LATERAL CONffiGURAT0ON)

0NTERACT0ONS REMA0NS ELUS0VE) -N ORDER TO TRY AND 0NCLUDE PREh0N5AT0ONARY PHYS0CS 0N OUR
DESCR0PT0ON: ONE MAY COD0FY THE EfECT OF A TRANSh1LANCK0AN ERA BY MEANS OF A +UANTUM NO0SE
COMPONENT) -N TH0S WORK: WE EXPLORED THE EfECTS ON COSMOLOG0CAL CORRELATORS DUE TO THE
PRESENCE OF SUCH A STOCHAST0C SOURCE) rPEC0ffiCALLY: WE STUD0ED THE AMPL0TUDE AND SHAPE OF
THE PR0MORD0AL TENSOR THREEhPO0NT FUNCT0ON)

� S0GNAL CHARACTER0ZAT0ON BEYOND THE POWER SPECTRUM 0S CRUC0AL 0N L0GHT OF THE NUMEROUS
0N5AT0ONARY MODELS: AS WELL AS 0N0T0AL COND0T0ONS: THAT CORRESPOND TO THE SAME PRED0CT0ON AT
THE LEVEL OF THE TWOhPO0NT FUNCT0ON) vE FOUND THAT BOTH THE AMPL0TUDE AND SHAPE FUNCT0ON
OF PR0MORD0AL GRAV0TAT0ONAL WAVE NONh4AUSS0AN0T0ES ARE RATHER SENS0T0VE TO THE STOCHAST0C
SOURCE AS WE CAN SEE FROM ffiGURE fi) ,EPEND0NG ON l: THE SCALE REGULAT0NG THE ONSET OF
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8042Rd sp kOG1LOT OF THE |elh| PARAMETER FOR THE S+UEEZED AND FOLDED CONffiGURAT0ONS)

TRANSh1LANCK0AN EfECTS: A SU0TABLY DEffiNED NONhL0NEAR PARAMETER e¯h CAN BE AS LARGE AS Lpozz(
0N THE E+U0LATERAL L0M0T AND Lpoz5( BOTH 0N THE S+UEEZED AND FOLDED CONffiGURAT0ONS) /HESE
NUMBERS ARE SEVERAL ORDERS OF MAGN0TUDE LARGER THAN THE STANDARD S0NGLEhffiELD SLOWhROLL RESULT
AND ARE W0TH0N REACH FOR UPCOM0NG GRAV0TAT0ONAL WAVE PROBES)

9UR FOCUS HAS BEEN ON THE CASE OF A WH0TE NO0SE SPECTRUM) -T WOULD BE 0NTR0GU0NG TO
CONS0DER A SCALEhDEPENDENT B FUNCT0ON AND 0TS EfECT ON THE OBSERVABLES AT HAND) /H0S 0S
PART0CULARLY RELEVANT 0N V0EW OF THE FACT THAT 0T 0S D0ffCULT TO D0RECTLY TEST GRAV0TAT0ONAL WAVE NONh
4AUSS0AN0TY AT 0NTERMED0ATE AND SMALL SCALES b7˜[) /H0S 0S DUE TO THE FACT THAT THE GRAV0TAT0ONAL
WAVE MODES TAKE A D0fERENT PATH THROUGH STRUCTURE AND: AS A RESULT: THE 0N0T0AL PR0MORD0AL
CORRELAT0ON 0S H0GHLY SUPPRESSED BY THE T0ME THE MODES REACH A DETECTOR) ’EMARKABLY: TH0S
SUPPRESS0ON 0S NOT 0N PLACE FOR THE ULTRAhS+UEEZED CONffiGURAT0ON W0TH 0MPORTANT CONSE+UENCES
ALSO FOR GRAV0TAT0ONAL WAVE AN0SOTROP0ES)

=URTHER EfORTS TOWARDS 0NCLUD0NG STOCHAST0C EfECTS 0N THE STUDY OF PR0MORD0AL GRAV0TAT0ONAL
WAVES H0GHERhPO0NT FUNCT0ONS W0LL BE 0ND0SPENSABLE TO UNVE0L THE DYNAM0CS UNDERLY0NG THE
pPREh(0N5AT0ONARY STAGE) vE PLAN TO EXPAND ON THE PRESENT ANALYS0S 0N A FORTHCOM0NG WORK)

�CImnvkd:4ldmTS

M] THANKS THE -=/ MADR0D FOR 0TS HOSP0TAL0TY AND SUPPORT) M]: 4M: AND 91 ARE PARTLY
SUPPORTED BY THE -TAL0AN M0N0STERO DELLq2N0VERS0Tj E ’0CERCA pM2’( THROUGH THE RESEARCH
GRANT NUMBER ˜zosvflg�sr ú¯�/h¯d/ˆ ¯EUTR0NO AND �STROPART0CLE /HEORY ¯ETWORK“ UNDER
THE PROGRAM 1’-¯ ˜zos: AND BY THE -ST0TUTO ¯AZ0ONALE D0 =0S0CA ¯UCLEARE p-¯=¯( THROUGH
THE ú/HEORET0CAL �STROPART0CLE 1HYS0CS“ p/�S1( PROiECT) M= ACKNOWLEDGES SUPPORT FROM THE
ú’AMñN Y ]AiAL“ GRANT ’x]˜z˜ohz33se7h-) M=qS WORK 0S PART0ALLY SUPPORTED BY THE rPAN0SH
’ESEARCH �GENCY p�GENC0A dSTATAL DE -NVEST0GAC0ñN( THROUGH THE 4RANT -=/ ]ENTRO DE dXCEh
LENC0A rEVERO 9CHOA ¯O ]dw˜z˜zhzzozzshr: FUNDED BY M]-¯6�d-6oz)o3z3n6fizoozzzooz33)
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-N TH0S APPEND0X: WE W0LL L0ST THE TWO MA0N FORMULAS OBTA0NED AT THE END OF SECT0ON ˜) gERE
WE D0SPLAY THE RESULT FOR THE AMPL0TUDE FOR 3A COMPUTED BY CHOOS0NG THE 0N0T0AL COND0T0ON
AT A ffiXED 0N0T0AL T0ME: E+) p˜)˜3()
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/HEN: THE FOLLOW0NG REPRESENTS THE RELAT0VE e¯h PARAMETER CALCULATED ACCORD0NG TO E+) p˜)o7(ˆ
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bo[ �)�) rTAROB0NSKY: � mEW /xPE OF -SOTROP0C bOSMOLOG0CAL lODELS v0THOUT r0NGULAR0Tx: 1HxSp kETTp
a no ponez( nn bhmr1hqd[)

b˜[ J) rATO: bOSMOLOG0CAL aARxON mUMBER ,OMA0N rTRUCTURE AND THE –0RST 9RDER 1HASE /RANS0T0ON
OF A uACUUM: 1HxSp kETTp a nn poneo( 77 bhmr1hqd[)

b3[ �)g) 4UTH: -N5AT0ONARx UN0VERSEc � POSS0BLE SOLUT0ON TO THE HOR0yON AND 5ATNESS PROBLEMS: 1HxSp
’EVp , 3t poneo( 3fls bhmr1hqd[)

bfl[ �),) k0NDE: � mEW -N5AT0ONARx 2N0VERSE rCENAR0Oc � 1OSS0BLE rOLUT0ON OF THE gOR0yON: –LATNESS:
gOMOGENE0Tx: -SOTROPx AND 1R0MORD0AL lONOPOLE 1ROBLEMS: 1HxSp kETTp a oye pone˜( 3en
bhmr1hqd[)

bfi[ a-bdot AND IECK �RRAX COLLABORAT0ONS: a-bd136JECK �RRAx Xc bONSTRA0NTS ON 1R0MORD0AL
4RAV0TAT0ONAL vAVES US0NG 1LANCK: vl�1: AND mEW a-bd136JECK 9BSERVAT0ONS THROUGH THE
3zofi rEASON: 1HxSp ’EVp kETTp o3o p˜zoe( ˜˜o3zo b�qv02coeoXpXf3o7[ bhmr1hqd[)

b7[ a-bdo AND IECK COLLABORAT0ONS: -MPROVED bONSTRA0NTS ON 1R0MORD0AL 4RAV0TAT0ONAL vAVES
US0NG 1LANCK: vl�1: AND a-bd16JECK 9BSERVAT0ONS THROUGH THE 3zoe 9BSERV0NG rEASON: 1HxSp
’EVp kETTp o3s p˜z˜o( ofio3zo b�qv02c3ooXpXX5et[ bhmr1hqd[)

bs[ blahrf COLLABORAT0ON: blahrfl rC0ENCE aOOK: –0RST dD0T0ON: �qv02co7oXpX3s5t bhmr1hqd[)

be[ J) �BAZAi0AN ET AL): blahrfl ,ECADAL rURVEx �1b vH0TE 1APER: aULLp �Mp �STRONp rOCp fio
p˜zon( ˜zn b�qv02conXepXoX73[ bhmr1hqd[)

bn[ kyTEa-p: COLLABORAT0ON: 1ROB0NG bOSM0C -N5AT0ON W0TH THE k0TEa-’, bOSM0C l0CROWAVE
aACKGROUND 1OLAR0yAT0ON rURVEx: 1/d1 3y3t p˜z˜3( zfl˜=zo b�qv02c33X3pX3sst[ bhmr1hqd[)

boz[ I)&) MUïOZ: x) �L0hgAÉMOUD AND M) JAM0ONKOWSK0: 1R0MORD0AL NONhGAUSS0AN0Tx FROM THE
B0SPECTRUM OF 3ohCM 5UCTUAT0ONS 0N THE DARK AGES: 1HxSp ’EVp , n3 p˜zofi( ze3fize
b�qv02cofX7pX5of3[ bhmr1hqd[)

boo[ 1) ]AMPET0: d) JOMATSU: ,) 1OLETT0 AND ]) &ACC0GALUP0: lEASUR0NG THE SPECTRUM OF PR0MORD0AL
GRAV0TAT0ONAL WAVES W0TH bla: 1/� AND kASER -NTERFEROMETERS: Ib�1 yo p˜z˜o( zo˜
b�qv02c3XXspX535o[ bhmr1hqd[)

bo˜[ M�Mn4RAV COLLABORAT0ON: /HE m�m94RAV ofi xR ,ATA rETc dV0DENCE FOR A 4RAV0TAT0ONALhWAVE
aACKGROUND: �STROPHxSp Ip kETTp nfio p˜z˜3( ke b�qv02c3tX7po73ot[ bhmr1hqd[)

bo3[ M�Mn4RAV COLLABORAT0ON: /HE m�m94RAV ofi xR ,ATA rETc 9BSERVAT0ONS AND /0M0NG OF se
l0LL0SECOND 1ULSARS: �STROPHxSp Ip kETTp nfio p˜z˜3( kn b�qv02c3tX7po73os[ bhmr1hqd[)

bofl[ M�Mn4RAV COLLABORAT0ON: /HE m�m94RAV ofi xR ,ATA rETc rEARCH FOR r0GNALS FROM mEW
1HxS0CS: �STROPHxSp Ip kETTp nfio p˜z˜3( koo b�qv02c3tX7po73on[ bhmr1hqd[)

bofi[ dos� COLLABORAT0ON: bOMMONhREDhS0GNAL ANALxS0S W0TH 3flhxR H0GHhPREC0S0ON T0M0NG OF THE
dUROPEAN 1ULSAR /0M0NG �RRAxc 0NFERENCES 0N THE STOCHAST0C GRAV0TAT0ONALhWAVE BACKGROUND SEARCH:
lONp mOTp ’Oxp �STRONp rOCp fiye p˜z˜o( flnsz b�qv02c3ooXpotoe5[ bhmr1hqd[)

bo7[ dos� COLLABORAT0ON: /HE SECOND DATA RELEASE FROM THE dUROPEAN 1ULSAR /0M0NG �RRAx ---p
rEARCH FOR GRAV0TAT0ONAL WAVE S0GNALS: �STRONp �STROPHxSp 7se p˜z˜3( �fiz b�qv02c3tX7po73o5[
bhmr1hqd[)

bos[ dos� COLLABORAT0ON: /HE SECOND DATA RELEASE FROM THE dUROPEAN 1ULSAR /0M0NG �RRAx -p /HE
DATASET AND T0M0NG ANALxS0S: �STRONp �STROPHxSp 7se p˜z˜3( �fle b�qv02c3tX7po7335[ bhmr1hqd[)
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boe[ dos� COLLABORAT0ON: /HE SECOND DATA RELEASE FROM THE dUROPEAN 1ULSAR /0M0NG �RRAxc up
-MPL0CAT0ONS FOR MASS0VE BLACK HOLES: DARK MATTER AND THE EARLx 2N0VERSE: �qv02c3tX7po733s
bhmr1hqd[)

bon[ �) y0C ET AL): /HE 1ARKES 1ULSAR /0M0NG �RRAx TH0RD DATA RELEASE: 1UBLp �STRONp rOCp �USTRALp 5y
p˜z˜3( Ezfln b�qv02c3tX7po73tX[ bhmr1hqd[)

b˜z[ ,)I) ’EARDON ET AL): rEARCH FOR AN -SOTROP0C 4RAV0TAT0ONALhWAVE aACKGROUND W0TH THE 1ARKES
1ULSAR /0M0NG �RRAx: �STROPHxSp Ip kETTp nfio p˜z˜3( k7 b�qv02c3tX7po73of[ bhmr1hqd[)

b˜o[ ,)I) ’EARDON ET AL): /HE 4RAV0TAT0ONALhWAVE aACKGROUND mULL gxPOTHES0Sc bHARACTER0y0NG mO0SE
0N l0LL0SECOND 1ULSAR �RR0VAL /0MES W0TH THE 1ARKES 1ULSAR /0M0NG �RRAx: �STROPHxSp Ip kETTp
nfio p˜z˜3( ks b�qv02c3tX7po733n[ bhmr1hqd[)

b˜˜[ k-4n rCyENTyeyC AND uyRGO COLLABORAT0ONS: 2PPER k0M0TS ON THE rTOCHAST0C
4RAV0TAT0ONALhvAVE aACKGROUND FROM �DVANCED k-49?S –0RST 9BSERV0NG ’UN: 1HxSp ’EVp kETTp
ooe p˜zos( o˜oozo bdRRATUM 0B0Dp oon p˜zos( z˜nnzo[ b�qv02co7o3pX3X3n[ bhmr1hqd[)

b˜3[ ]) ]APR0N0 AND ,)4) =0GUEROA: bOSMOLOG0CAL aACKGROUNDS OF 4RAV0TAT0ONAL vAVES: bLASSp .UANTp
4RAVp tfi p˜zoe( o73zzo b�qv02coeXopX537e[ bhmr1hqd[)

b˜fl[ �) �CHóCARRO ET AL): -N5AT0ONc /HEORx AND 9BSERVAT0ONS: �qv02c33XtpXeo3e bhmr1hqd[)

b˜fi[ ,) 4REEN AND ’)�) 1ORTO: r0GNALS OF A .UANTUM 2N0VERSE: 1HxSp ’EVp kETTp o35 p˜z˜z( ˜fio3z˜
b�qv02c3XXopXno5n[ bhmr1hqd[)

b˜7[ �) M0CHEL0 AND 1) 1ETER: .UANTUM COSMOLOG0CAL GRAV0TAT0ONAL WAVESq: �qv02c33oopXXoe3
bhmr1hqd[)

b˜s[ ’) gOLMAN AND �)I) /OLLEY: dNHANCED mONh4AUSS0AN0Tx FROM dXC0TED -N0T0AL rTATES: Ib�1 yfi
p˜zze( zzo b�qv02cXsoXpotX3[ bhmr1hqd[)

b˜e[ &) �LLEN: uACUUM rTATES 0N DE r0TTER rPACE: 1HxSp ’EVp , t3 ponefi( 3o37 bhmr1hqd[)

b˜n[ r) �KAMA: r) g0RANO AND /) JOBAYASH0: 1R0MORD0AL TENSOR NONh4AUSS0AN0T0ES FROM GENERAL
S0NGLEhffELD 0N5AT0ON W0TH NONhaUNCHh,AV0ES 0N0T0AL STATES: 1HxSp ’EVp , oy3 p˜z˜z( z˜3fio3
b�qv02c3XXtpoX7e7[ bhmr1hqd[)

b3z[ v) wUE AND &) ]HEN: ALPHAhVACUUM AND 0N5AT0ONARx B0SPECTRUM: 1HxSp ’EVp , sn p˜zzn( zfl3fioe
b�qv02cXeX7p5oXn[ bhmr1hqd[)

b3o[ I)M) MALDACENA AND 4)k) 10MENTEL: 9N GRAV0TON NONh4AUSS0AN0T0ES DUR0NG 0N5AT0ON: Igd1 yn
p˜zoo( zflfi b�qv02cooX5p3e57[ bhmr1hqd[)

b3˜[ I)M) MALDACENA: mONh4AUSS0AN FEATURES OF PR0MORD0AL 5UCTUAT0ONS 0N S0NGLE ffELD 0N5AT0ONARx
MODELS: Igd1 yfi p˜zz3( zo3 b�r/q9h1g6X3oX7Xt[ bhmr1hqd[)

b33[ r) JANNO: mONCLASS0CAL PR0MORD0AL GRAV0TAT0ONAL WAVES FROM THE 0N0T0AL ENTANGLED STATE: 1HxSp ’EVp
, oyy p˜zon( o˜3fi37 b�qv02conXfpX7eXX[ bhmr1hqd[)

b3fl[ r) JUNDU: -N5AT0ON W0TH 4ENERAL -N0T0AL bOND0T0ONS FOR rCALAR 1ERTURBAT0ONS: Ib�1 y3 p˜zo˜(
zzfi b�qv02coooXp57ee[ bhmr1hqd[)

b3fi[ ,) 4HOSH: �)g) r0NGH AND =) 2LLAH: 1ROB0NG THE 0N0T0AL STATE OF 0N5AT0ONc ANALxT0CAL STRUCTURE OF
COSMOLOG0CAL CORRELATORS: Ib�1 y5 p˜z˜3( zzs b�qv02c33XspX75tX[ bhmr1hqd[)

b37[ ]) �RMENDAR0Zh10CON: vHx SHOULD PR0MORD0AL PERTURBAT0ONS BE 0N A VACUUM STATEq: Ib�1 y3
p˜zzs( z3o b�r/q9h1g6X7o33ee[ bhmr1hqd[)

b3s[ r) &AHRAM0 AND à)à) =LANAGAN: 1R0MORD0AL NONh4AUSS0AN0T0ES 0N S0NGLE ffELD 0N5AT0ONARx MODELS
W0TH NONhTR0V0AL 0N0T0AL STATES: Ib�1 oy p˜zofl( zoz b�qv02cotoXp55e3[ bhmr1hqd[)
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b3e[ �) ¯ASKAR AND r) 1AL: dNHANCED TENSOR NONh4AUSS0AN0T0ES 0N PRESENCE OF A SOURCE: dURp 1HxSp Ip
b ey p˜z˜z( oofie b�qv02conX7pXeffe[ bhmr1hqd[)

b3n[ r) JANNO AND M) rASAK0: 4RAV0TON NONhGAUSS0AN0Tx 0N �hVACUUM: Igd1 ye p˜z˜˜( ˜oz
b�qv02c33X7pXt77s[ bhmr1hqd[)

bflz[ 4)k) �LBERGH0: ’) ]ASAD0O AND �) /RONCON0: /RANS1LANCK0AN FOOTPR0NTS 0N 0N5AT0ONARx COSMOLOGx:
1HxSp kETTp a fisn p˜zzfl( o b4qh.@6XtXtXtf[ bhmr1hqd[)

bflo[ ’)g) &RANDENBERGER AND I) MART0N: /RANSh1LANCK0AN -SSUES FOR -N5AT0ONARx bOSMOLOGx: bLASSp
.UANTp 4RAVp ty p˜zo3( oo3zzo b�qv02co3oop7sft[ bhmr1hqd[)

bfl˜[ /) /ANAKA: � COMMENT ON TRANS1LANCK0AN PHxS0CS 0N 0N5AT0ONARx UN0VERSE: �r/q9h1g6XXo35to
bhmr1hqd[)

bfl3[ M) ]0ELO: 4) MANGANO AND 9) 10SANT0: -MPACT OF TRANSh1LANCK0AN QUANTUM NO0SE ON THE
PR0MORD0AL GRAV0TAT0ONAL WAVE SPECTRUM: 1HxSp ’EVp , oye p˜z˜3( zfl3fizo b�qv02c33oopX5to7[
bhmr1hqd[)

bflfl[ oLANCK COLLABORAT0ON: 1LANCK 3zoe RESULTSp -wp bONSTRA0NTS ON PR0MORD0AL NONh4AUSS0AN0Tx:
�STRONp �STROPHxSp 75o p˜z˜z( �n b�qv02conXfpXf7ns[ bhmr1hqd[)

bflfi[ w) ]HEN: 1R0MORD0AL mONh4AUSS0AN0T0ES FROM -N5AT0ON lODELS: �DVp �STRONp 3yoy p˜zoz( 73ensn
b�qv02coXX3po5o7[ bhmr1hqd[)

bfl7[ x) vANG: -N5AT0ON: bOSM0C 1ERTURBAT0ONS AND mONh4AUSS0AN0T0ES: bOMMUNp /HEORp 1HxSp 73
p˜zofl( ozn b�qv02cotXtpof3t[ bhmr1hqd[)

bfls[ d) ,0MASTROG0OVANN0: M) =AS0ELLO AND k) 10NOL: 1R0MORD0AL STOCHAST0C GRAV0TAT0ONAL WAVE
BACKGROUND AN0SOTROP0ESc 0Nh0N FORMAL0yAT0ON AND APPL0CAT0ONS: Ib�1 yn p˜z˜˜( z3o
b�qv02c33Xtposon3[ bhmr1hqd[)

bfle[ w) 4AO: /) JOBAYASH0: M) xAMAGUCH0 AND I) xOKOYAMA: 1R0MORD0AL NONh4AUSS0AN0T0ES OF
GRAV0TAT0ONAL WAVES 0N THE MOST GENERAL S0NGLEhffELD 0N5AT0ON MODEL: 1HxSp ’EVp kETTp oys p˜zoo(
˜oo3zo b�qv02cooXeptfot[ bhmr1hqd[)

bfln[ x) �K0TA AND /) JOBAYASH0: 1R0MORD0AL NONh4AUSS0AN0T0ES OF GRAV0TAT0ONAL WAVES BExOND
gORNDESK0 THEOR0ES: 1HxSp ’EVp , nt p˜zo7( zfl3fion b�qv02cofo3pXoteX[ bhmr1hqd[)

bfiz[ ¯) JALOPER AND I) rCARG0LL: .UANTUM bOSM0C mOhgA0R /HEOREM AND -N5AT0ON: 1HxSp ’EVp , nn
p˜zon( oz3fiofl b�qv02coeX3pXnff5[ bhmr1hqd[)

bfio[ ,) &AB0CH: 1) ]REM0NELL0 AND M) yALDARR0AGA: /HE rHAPE OF NONh4AUSS0AN0T0ES: Ib�1 ye p˜zzfl(
zzn b�r/q9h1g6X5Xftf7[ bhmr1hqd[)

bfi˜[ w) ]HEN: M)hw) gUANG: r) JACHRU AND 4) rH0U: 9BSERVAT0ONAL S0GNATURES AND NONh4AUSS0AN0T0ES
OF GENERAL S0NGLE ffELD 0N5AT0ON: Ib�1 yo p˜zzs( zz˜ bg,1h/g6X7XfX5f[ bhmr1hqd[)

bfi3[ k)d) 1ARKER AND ,) /OMS: .UANTUM –0ELD /HEORx 0N bURVED rPACET0MEc .UANT0yED –0ELD AND
4RAV0Tx: ]AMBR0DGE 2N0VERS0TY 1RESS p˜zzn( b:94CO21O2O.7B�9I.D28OODO/I35[ bhmr1hqd[)

bfifl[ u) MUKHANOV AND r) v0N0TZK0: -NTRODUCT0ON TO QUANTUM EfECTS 0N GRAV0Tx: ]AMBR0DGE 2N0VERS0TY
1RESS p˜zzs( bhmr1hqd[)

bfifi[ ,)I)g) ]HUNG: �) ¯OTAR0 AND �) ’0OTTO: l0N0MAL THEORET0CAL UNCERTA0NT0ES 0N 0N5AT0ONARx
PRED0CT0ONS: Ib�1 oy p˜zz3( zo˜ bg,1h1g6XtXfXs5[ bhmr1hqd[)

bfi7[ 2)g) ,AN0ELSSON: � NOTE ON 0N5AT0ON AND TRANS1LANCK0AN PHxS0CS: 1HxSp ’EVp , 77 p˜zz˜( z˜3fioo
bg,1h/g6X3Xtone[ bhmr1hqd[)
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bfis[ &)I) &ROY: bORRECT0ONS TO kf AND ks FROM H0GH SCALE PHxS0CS: 1HxSp ’EVp , n5 p˜zo7( oz3fize
b�DDENDUM 0B0Dp n5 p˜zo7( oznnzo[ b�qv02co7XnpXtfsX[ bhmr1hqd[)

bfie[ g) &OUZAR0 ¯EZHAD AND =) rHOiA0: /HE dfECT OF �huACUA ON THE rCALAR AND /ENSOR rPECTRAL
-ND0CESc rLOWh’OLL �PPROX0MAT0ON: 1HxSp ’EVp , ne p˜zoe( z73fio˜ b�qv02coeX3pXffts[
bhmr1hqd[)

bfin[ g) I0ANG AND x) vANG: /OWARDS THE PHxS0CAL VACUUM OF COSM0C 0N5AT0ON: 1HxSp kETTp a s7y
p˜zo7( ˜z˜ b�qv02cofXspXfont[ bhmr1hqd[)

b7z[ k)�) &OYLE AND 1)I) rTE0NHARDT: 1ROB0NG THE EARLx UN0VERSE W0TH 0N5AT0ONARx GRAV0TAT0ONAL WAVES:
1HxSp ’EVp , ss p˜zze( z73fizfl b�r/q9h1g6Xfo3Xo5[ bhmr1hqd[)

b7o[ M) &0AGETT0: M) =AS0ELLO AND �) ’0OTTO: dNHANC0NG -N5AT0ONARx /ENSOR lODES THROUGH rPECTATOR
–0ELDS: 1HxSp ’EVp , ee p˜zo3( oz3fioe b�qv02cotXfps35o[ bhmr1hqd[)

b7˜[ ¯) &ARTOLO ET AL): 1R0MORD0AL aLACK gOLE ,ARK lATTERc k-r� rEREND0P0Tx: 1HxSp ’EVp kETTp o33
p˜zon( ˜oo3zo b�qv02coeoXpo33oe[ bhmr1hqd[)
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