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Separate universes
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~roll inflation :

- adiabatic quartum vacuum -> adiabatic density pertbus

<RY = ()CoIso> -> <M = (189
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pressure photon-baryon phase space
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p = 190a in FLRW cosmology
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scalar field phase space
remem

+ 34i+ O -For
·regimes
(i) quasi-equilibrium : i = -F -> slow roll

ll(3riel attractor
,
((4)

(ii) free evolution : = - >His -> ultra-slow roll

Iv11 Briel

D =D)
transient/decaying solution

as a->



~mfield inflation phase space Graine Vennin (2017)
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Ultra-slow-roll inflation
nee Hel ultra-slow

e.g.
inflection point M
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primordial curvature inflation
!

&

power spectrum-
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non-adiabatic pressure in single-field inflation
enemen

curvature evolution · i = -ISPo
FLRW cosmology : 3 = = in + V() ,

p =

=
y - v(p)
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non-adiabatic perturbs : SPrad = Sp -(P/j) 59
= o if J attractor is =ce(l)

milton- Jacobi approach Salopeka Bond(1990)

a 42T -> O ask-> 0R G

X

finite Bardeen potential => attractor H(4) on large scales

but SPrad -O in USI !
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~dependence
of large-scale limitt et al

,

in preparation

in longitudinal gange
intere

Bardeen potential #-> E
ask -> 0

=> SPrad -> O I

Note : Spaad is gange
invariant

so this is a physical restriction

initiallyflort garge

allows &Prad # O ask -> 0

necessary for stochastic ultra-slow
roll
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validity of separate universe approach ?
interes

stochastic inflation uses local FRW equs on super-f scales

~ slow roll oth-order gradient expansion sufficient

only adiabatic noise

~ ultra-slow roll Oth-order gradient expansion sufficient
↑

with non-adiabatic noise
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validity of separate universe approach ?
interes

stochastic inflation uses local FRW equs on super-f scales

~ slow roll oth-order gradient expansion sufficient

only adiabatic noise

* SR + USR transition requires oth 2nd order gradients
Mu

↑
&

can only apply separate universes PjecewiseC

~ ultra-slow roll Oth-order gradient expansion sufficient
↑

with non-adiabatic noise



challenges for stochastic USR inflation
usa

- Bunch-Davies vacuum not valid after transition (Pattison et al 2021)

- Hamilton-Jacobi
,
H() attractor , (Rigopoulos - Wilkins

,
2022)

cannot describe non-adiabatic modes on super-Hubble scales

- waiting until transients decay ("frozen noise" , Tomberg 2023)

cannot model quantum diffusion during USR phase

- allowmon-adiabatic noise (on BD vacuum) in US
-

+ discrete Stochastic kick at trans iton (non-Markovian? )SL

Jackson et al , in progress

- full numerical GR ? Launay et al 2014



conclusions :

-

sudden transitions -> non-adiabatic inflation

(diabatic ? I

- particle production on sub-Hubble scales

-
non-adiabatic perturbations on super-Hubble scales

-> enhanced density perturbations

challenging to model non-perturbative fluctuations

most nonlinear studies invoke large scale limit

but gradient terms important at transition---



Stochastic inflation
mem

- effective theory for quantum fields in inflating spacetime

- stochastic behaviour emerges from coarse-graining at Hubble scale
mmm H = cya

tion > o- infla &- In tion :

H
- 1

umum- => (at)> o
num

mum

--

noise :~Ex Psu(E) ,

El



Stochastic Ultra-Slow-Roll Inflation

seeseem
Pattison et al (2021)

UV : linear mode functions on sub-Hubble scales

A

Stochastic noise as modes cross coarse-graining scale

IR : coarse-grained field obeys Langevin equations

for C and T = ac

de= squeezed state
-

dN
-> correlated

nuise

= 3
*

but not adiabatic
in USR



non-adiabatic transition SR-> USR Jackson et al

remem (2023)

mode equation n
." + (k" - EU = 0

sch USR ~ SR

Un = zRk ↳

general solution in SR/USR limit

=> un= [* ) - n)e-im + Br(+ )eik]

before transition : BD vacuum
,

Xv = 1
, Bu = 0

nurs

after transition : particle production or sub-Hubble scales

mus non-adiabatic pertbus on super-Hubble scales

IXnFO
, Br · (*) for KK+



Classical N

- R = SN = N(+8) - N(x) single kick about classical
N(4) = Sand Hat

-
linear : SN : 1 se

=> Pa(k) = () Psolk)
=i ar in slow-roll

-> nearly scale invariant

primordial density pertbus

seen in CMB

-
non-linear expansion N = + N/Sc + 1 N"8G + .. .

2

gives perturbative non-Gaussianity



Classical SN

- R = SN = N+ 84) - N() single kick about classical
N(4) = Sand Hat

~chastic
SN en

stochastic evolution of C*umcalculate first
m

Cend-- -----------·

passage
time "

> N
to cross Cend -

SN

-> non-perturbative SN = N - <N >

- large excursions in SN give rise to PBHs

e. g.
Gow et al , arXiv

: 2211
.

08348


