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i the pkase space

Julien Grrain & Vincent Vennin

' Based on :

- Grrain, Veninin, 2017, ICAP, 1708, 0485 ; 2020, JICAP, 2002, 022 ; & arXiv : R005,04222
- Grain, Vennin, many papers in prep. (Y140 pages in notes and drafts) ‘




e Going to the Pkase space

motivation, Langevin equations in phase space

o Exemple of a test field

diffusion away from slow-roll, stochastic anisotropies

 Grraiin, Vennin, 2017, ICAP, 1708, 04§ ; 2020, ICAP, 2002, 022 ; & arXiv : R00§,04222 |

¢ Separate universe & gauge-correction
Readdress Pattison et al. 2019 from the phase space perspective

. Work in progress: Grain, Vennin, mMany papers ta prep. (V140 pages in drafts)




Slow-roll approxima&iow 3H ¢ - 4, =1

dg

inflation

slow roll 3H¢ = —V A R N
s | A L o SR is an attractor
ERCR R N SR O o SR simplifies a 2D dynamics
oo nto a 1D dynamics
| & | e SR attractor can be
~0000005 | = . generalized to a test scalar

field in guasi-dS background
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Drift evolution and diffusion are 1-dimensional
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- Inoue et al., PLB, 2002, §24, 1§

— Fleld mamgﬁn&um Ls comnserved - Kinney, PRD, 2008, 72, 023616
S dt’ - Pabtison et al. ICAP, 201%, 1¥0%, 04F
= ¢o + o . a3(t) - Biagelti et al., ICAP, 201¥, 1507, 032
0

- Ezquiaga et al., ICAP, 2020, 2003, 029 :
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Bouhcing cosmologies:
~» inflow of @-fluctuations to large-scale classical perturbations

' For instance
- Kkou.rj ek al., PRD, 2001, &4, 123822
. - Barrau et al., CQG, 2014, 31, o§3001 |
- Brandenberger & Peter, Found. Phys, Q
2017, 47, 797
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- Agullo & Singh, arXiv:1612.0123
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U&rQ“SLOM“T’QLL: V(¢> i VO Z!‘;of iusé;hc,i o

Inocue ek al., PLB, 2002, 524, 1§

—> Fleld momentum s conserved - Kinney, PRD, 2008, 72, 023616
. e - Pobtison ek al. ICAP, 201%, 150%, 04F
¢(t) = ¢o + mo K - Biagetti ct al., ICAP, 201%, 1507, OR
0] ' Ez,?ﬁ,ay ek QL‘, JCAT, 2020, 2003, 029
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Bouwncing cosmologies:
—> test free scalar-field in contracting universe (w=0)

e m>H: oscillatory regime in ¥,

e m<H: friction dominated regime a la USR
dt’
a3(t')

For « inflaton » field, see example in LQC:
-~ Linsefors & Barrau, PRD, 2013, 123509
- Bolliet et al., PRD, 2018, 91, 054038

- Schander et al., PRD, 2016, 93, 023631




Goihg to the FRSEERcE

, 2 ejov\d slow-roll: 2-dimensional dvv\amats
le Full Klein-Gordon Eqguation (1_second order ODE) |
&_Hamiltonian formalism (2 coupled first orcier/

oLangevin equations are more easily formulated as 1st order system
of ODE'

—» Foklker-Planck equation and PDF in the phase space, use of canonical transformation

e Noise is of quantum origin
—>» quantization (and classicalization) is more « naturally » done using Hamilkonian formalism

SR corresponds to a specific direction in the phase space
—» « Is there diffusion away from SR ? » becomes « is the noise strongly pointing away from SR in the

Fhase space ? »

' - Nakao, Nambu, Sasaki, 19¥%, Prog. Th. Phys, $0, 1041
Kandrup, 1989, PRD, 39, 224§

Habib, 1992, PRD, 46, 240%
Grain, Vennin, 2017, ICAP, 1708, 04§




1. Split the field in long- & small-wavelength @ = ( jﬁ)

=3+ o, with &, = / BkO(k/k, — 1) [a (o, (1) + c.c.}

Solution of Hamilton Eom
2. Plug into Hamilton EoM — Langevin equations in phase space

Linearize in ¢ ; heglect gradients for b

: S o h Tlad , Ly e
Stochastic large-scale dynamics : 7 ( - ) = ( —a*V 5(9) ) +& with £= ( b ) S {

: d. i T/ a?
Small-weveleng yhamics i ( - ) ( ¥ [a2k2 v a4V,q;,q;] . )

3. Noise pm»ger&es

Craussian and classical sktochastic 2D white noise

dk3 *
(0 €;(m )€, (n2) |0) x =P g, P (171 — 72)
dn
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Power spec&ra
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A concrete example : test fleld with V(o) = %mZ 2 J

B

Dritt:
ey raPE,difj aligned with SK

perturbations mass = field’s mass
Large scales: gqradients negligible

—> per&urba&ians evolve like the background field: they align with SR attractor

‘!
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- For details: Grain, Vennin, 2017, ICAP, 1705, 045
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Consider a Bianchi I space-time: ds® = —dt* + a*(t) exp[26;(t)]0;;dx" da?

1 2
H2 e —O'ijO'w

e S0
3MZ, | 2

Shear as 1/a¢ tn Friedmwanin

e SLMgu,LariEj . conbtraction

1
Stochastic massless scalar field in FLRW: II;; = 0,00; — = (™" O b8 ) Vi
P(t) :=
H;' =4 Isotropic 2-pt correlation: <ﬁ; (t)> —

Anisotropic fluctuations (4-pt): <ﬁ; (t)Hg (t,)> 20



Stochastic anisotropies

| UMVOLd&bLe s&o&has&w sham* ﬁfrom quah&um {Lu&&uﬁwns*

—> Connected part off 4-point correlation

N,

(- e e e ——

Com;u&ed from the derivatives of

1 .
gy
Po F= (oa the field 2-pt function

- H<Mgp, in bouncing cosmoi.ogv

W=>-1/9: shear hever exceeds the Planck scale

shear increase above My because fluctuations spectrum is too red

~ For details: Grain, Vennin, arXiv : 2005,04222 ‘
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H/MPI H/MPI

~» Stochastic instability if w<-1/9 —» Stochastic instability a,';v<

~ For details: Grain, Vennin, arXiv:200§.04222



~ Pattison et al. ICAP, 2019, 1907, 031

Conditions for using the stochastic formalism:

¢ Quanbtum-to-classical Eransition

Does not assume slow-roll, always a 2-mode squeezed state

o Validity of the separate universe

superhubble FLRW patches = cosmological perturbations at superhubble scales
~» identify Local time and expansion to time and expansion of FLRW patch

¢ Grauge-corrections to the noise

Langevin equation i synchronous gauge but noise in other gauges
~» Gauge corrections from e.q. spatially-flat to synchronous



 Pattison ek al. ICAP, 2019, 1907, 031

Conditions for using the stochastic formalism:

¢ Quanbtum-to-classical Eransition

Does not assume slow-roll, always a 2-mode squeezed state

hes = cosmological perturbations at superhubble scales
—> Ld@.V\EL‘Fj local time and expansion to time and expansion of FLRW patch

¢ Grauge-corrections to the noise

Langevin equation i synchronous gauge but noise in other gauges
~» Gauge corrections from e.q. spatially-flat to synchronous
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‘Two ciufnfe.rev& Per&urba&we& expansmns abou& FLRW| |

g —————— —

Cosmological per&urba&mmw Sepamo&e Universe:
Imhamageneous av\d amsa&ropw homogeueaus and LSOET’OFLC
Lagrange mulkipliers: 2 Lagrange mulkipliers: 1

A’k - ikx e
N(7) —I—/ (2773/2 ON(k,T)e N(7)+ 6N(1)

Scalar field: 2x*1 Scalar field: 2x*1
d3k S L
o)+ [ ok r)e™ b(7) + 56()

Are Nk o () + 0m(7)
7T¢(T)—|—/W57T¢(k,7')e

Gravitational field: 2+2 Grravitational field: 2x*1

dis . ARt el i
2/3(7)5zj+/ R AGRLIE z v?3(r)8i; + 67 (7) My

1 e i
143 ij / d’k ~ol/30(1)6% + 6y (1) MY
5V 6(7)0" + )2 1
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‘Two ciufnfe.rev& Per&urba&we& expansions abou& FLRW| |
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Cosmological perturbations: Separate Universe:

C[N +6N,6N"] = NS© 4 / 4>z <5N3<1> +NDY 4 NS<2>) C[N +6N,0] = NS© + 5NSD 4+ N5@)

— ___— ____ _ _ _ i _ = — -

]L.om!mmsan ak supar-—ﬂubbi.@; sr:ai.es, Le. Megte«chng (lz/a):z “

~» Cosmo. pert. Cosr\s&rais_ become hommgemeous and isotropic

Ahisc)&rc:api, cwf d&cau!ﬂes from isotropic d.od.
at large scales
—> Full dynamics is matched providing the gauges are makched
SN ~ 6N + O(k/a)?[02] e Matching of proper time
kON, ~ O(k/a)?[62] G Mobching of expamsiov\ rates




Spatially-flot gauge: [ =0=07] 5

ON o f(7)(8m1 + V207m5) SN = f()071 + §(7)om
]f(SNl — h(7)5ﬂ'2 SN

Newtohian gauge: Byo =0 = 7y

No counterpart in separate universe

ON x f(7)é11 SN =7
kON, = h(71)dma = 0 SNy =0

Swwhrovmus gauge: W == ké]ﬂ

f, © Goauges with anisotropic pert. cannot be gemera&ed n the sep. univ,

J ® S:;Mﬁhrcmous gauge works — Sep Uw,v. vatud for s&o&:hasha
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Conditions for using the stochastic formalism:

¢ Quanbtum-to-classical Eransition

Does not assume slow-roll, always a 2-mode squeezed state

o Validity of the separate universe

superhubble FLRW patches = cosmological perturbations at superhubble scales
~» identify Local time and expansion to time and expansion of FLRW patch

=> Gauge corrections rom e.9. spa&mﬂvmftﬁ te synchronous



parate Universe in 7.5,

o Stochastic formalism: Noise in the synchronous gauge
o Scalar-field perturbations: spatially-flat gauge

Gauge parameters from S.-F. gauge to the synchronous gauge

\'\:‘ 5900 _2NN£O —QNQéO, A 5900 s 2N5N
, 5g0i — N20;° + U2/35ij£j O = v2/35ij W

Express lapse and shift n S.—F. as functions of field perturbations

— N
5NSF 2 ¢5 SEF
vl ¢

kéleFzN[ 5T

2M3, v 0

N
SF ¢ ¢ _SF
:| 5¢ ol —,Uze 57I¢

Gauge transformation of the scalar-field perturbations
5¢s}’nch :5¢SF_|_ {5¢SF,/CZ3$£08(1)} i {5¢SF,/dSQZ‘§ZD,§1)} :5¢SF_'_ @50
v

57T2Ynch = 57_‘_2]? St {57T§F,/d3$£08(1)} L {5W§F,/d3x§ZD§1)} = 57‘('(/85F _U‘/:¢€O _1_7T¢a]53



2Ues 0 R : ke
Noise is glven in the synchronous gauge: & o —200™"" (k)

dkg sync
£7T¢ X E57T¢y h(ka)

e Scalar-field perturbations in the synchronous gauge b=

b t y
SPRN= do S (k) =~ ¢ / dt! ‘

ey |
P (k) =675k (k) + a’Vig / dt’

e B s =
666
4

—» Grauge-corrections are proportional to /€1 and €
e Comparisom with Pabkison ek al. 2019 needs to be done



o Application to US.R. and bounce

— Grauge-corrections i the momentum direction
~> Phase-space alignments of the noise
~» Stochastic anisotropies for « contracton » field

o Test fields to explore stochastic contraction

—~> Noise alighment in the absence of attractor ?
—> Non-Bunch-Davies vacuum states ?
~» Scale of « classicality » vs. horizon scale

¢ Role of anisotropic modes ; formal aspects

—> Grauge-fixing in separo&e universe vs, Cosmo, per&.

~> Is flat FLRW the right separate universe ?
Bianchi I to capture the anisotropic modes
Close/open FLRW to capture bits on inhomogeneities



