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In-In formalism : closed time path

e 0

" Schwinger '61

Generating functional for expectation values

Z[J] = WMl = /.@gp exp (iS[ap] + i/ Jap) &
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IR physics in de Sitter space

scalar field in de Sitter

(-O+ m*)u=0
= u x H,(p)
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IR physics in de Sitter space

scalar field in de Sitter
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@ The Non-Perturbative Renormalisation Group

© Onset of gravitational effects

© Stochastic approach and Euclidean de Sitter space
@ NPRG flows and symmetry restoration

© Conclusions
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@ The Non-Perturbative Renormalisation Group
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NPRG : general framework

Idea : regularize the theory at the action level :

Sk =S+ ASy, ASi[p] = 5 / X)Ri(x, y)e(y)
7.y
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NPRG : general framework

Idea : regularize the theory at the action level :

Sc=S+85.  ASld=; [ cIR(x)eW)

o Rk(p) — k?
p—0

Re(p) — 0

p—00

° Ri(p) o 0

Ri(p) ion

p

Litim regulator : Ry(p) = (k* — p?)0(k? — p?) Litim '01J V.
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NPRG : general framework

Modified generating functional

eWilJl — /990 e("5k[<P]+ifX Jp)
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Defining the effective action
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Defining the effective action
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IR limit : e[¢] — T[]

Flow equation
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Wetterich '93, Berges Mesterhazy '12,
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t = log(k/H) : flow time
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NPRG : general framework

UV limit : T[¢] e S[9]

Modified generating functional

IR limit : T r
Wil — /@gp e(isk[¢]+ifXJ¢) imit : [[¢] kjo [4]

v

Flow equation

Defining the effective action

fo= 11 {R (M +R)™
rk[gb]:Wk[J]—/XJ(b_Ask[(b] k=5 { k( k k) }

Wetterich '93, Berges Mesterhazy '12,

Gasenzer Pawlowski '08
t = log(k/H) : flow time

0 m H «k A

I 1
gravitational effects .
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NPRG : Local Potential Approximation

Flow equation

. j 0 -1
= éTr {Rk (rf) + Rk) } complicated...
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NPRG : Local Potential Approximation

. j 0 -1
= éTr {Rk (rf) + Rk) } complicated...

@ Extract information on large scale behavior
@ Derivative expansion :
2
Zi(9) z2(9)

ridol = = [ (vio) + 252 wop + 2

> (Vo)* + >

@ Local Potential Approximation :

2
gl = |, (vk(¢)+ o) )
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NPRG : flow of the local potential

d
(-O0+4+ V/ +R)xk=0 Xk(x) = a 2ux(q/a)
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NPRG : flow of the local potential

d
(-O0+ VY +R)xk =0 Xk(x) = a 2ux(q/a)

. d .
V=5 [ G RuPudlo)?

Vi = V”k—MB k Cy = nQy/[16d(2m)?
k—B( 7)_k2+v// d(V/ﬂ )a d=T d/[ (7’[')]
k
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NPRG : flow of the local potential

d
(-O0+ VY +R)xk =0 Xk(x) = a 2ux(q/a)

. d .
V=5 [ G RuPudlo)?

y 7 C.d/<d—~_2 d

Vk = B(V ,k) = 7/(2 T Vli/ Bd(l/k, k), Cd = FQd/[l6d(2ﬂ') ]
_ —7Im(v) 2 5 2 2 2

Ba(v, k) = e { (o2 =202 +2K) |Hy ()| Kaya '13

Serreau '14

+ 2K2|H! (K)|? — 2dk Re[H:(k)HL(k)}} @
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© Onset of gravitational effects
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Onset of gravitational effects : Structure of the 3 function

. kd+2 d> V4
Vk = B(V”, k) = WBd(Vk, k)7 I/k = - — 7k
k
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Onset of gravitational effects : Structure of the 3 function

. " kd+2 d> Vli,
Vie = B(V, ak):de(Vk,k)7 e=\l7 " R/2
Heavy and/or UV regime — Minkowski
d+2
V"' k) ¢ —— No gravitational effects
B e —m—sy — g
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Onset of gravitational effects : Structure of the 3 function

. kd+2 d> V4
Vk = B(V”, k) = WBd(l/k, k)7 I/k = - — 7k
k

Heavy and/or UV regime — Minkowski
d+2

1//(2_1’_ V/l

|
A\

B(V" k) x No gravitational effects

light IR regime

kd+2721/k
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Onset of gravitational effects : Crossing the horizon

light IR regime

kd+2

V" k _— - _(d+2 r2
5( ) )O(\/W k2+V/i/( + Vk) (Vk)

10° FBV™, k) 108 F BV, k)

001 — v'=—10* 001f 4
— v—0 — Vv"=0
1061 106§
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10-10p — V=1 10710 —V'=1

10-14 vi=d/a 10-14 V"=d?/4
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o= ]9 Vi
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Onset of gravitational effects : Crossing the horizon

Iight IR regime

diog(B) - dlog(p)

dinck) dintk)

— V">d?/4

st Vr=d?/4
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Onset of gravitational effects : dimensional reduction

For k, V" Y PO
1: ~
or K, < B( ’ ) QD+1 k2 + V/ﬁ’ J

D+1

21 2
r(es)

Qpy1 =
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1 k0+2

For k, V" 1: V" k) ~
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@ Euclidean flow with effective dimension D.g = 0.

o Effective zero-dimensional field theory :
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Onset of gravitational effects : dimensional reduction

1 k0+2

For k, V" < 1: VO [P —
B( ) QD—i—l k2 s VL/

@ Euclidean flow with effective dimension D.g = 0.

o Effective zero-dimensional field theory :
K2
e_QDHWk(J):/dﬁp efQDH {Veﬁ(@)JszoJr?eoQ]

o V.g : "bare potential" at scale ~ H

D+1

27 2
QD-i—l = r(%)
2
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Onset of gravitational effects : dimensional reduction

1 k0+2

" : V" k) ~
For k, V' <1 B(V" k) ~ o kT V7 Vi

@ Euclidean flow with effective dimension D.g = 0.
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k2
e_QDHWk(J):/dﬁp efQDH {Veﬁ(@)JFJSDJF?‘PZ]

o V.g : "bare potential" at scale ~ H

Correspondence

Maxime GUILLEUX July 28t 2015, Natal, RN 13/28



Onset of gravitational effects : dimensional reduction

(V4 V" 1 k0+2
1: ~
For k, < B( ’ ) QD—l—l k2 + VL/

@ Euclidean flow with effective dimension D.g = 0.

o Effective zero-dimensional field theory :

k2
e_QDHWk(J):/dﬁp efQDH {Veﬁ(@)JFJSDJF?‘PZ]

o V.g : "bare potential" at scale ~ H

Correspondence ot
@ Stochastic approach Qpiy = 2(7rDj1
r(o+1

2 A

N
Ve

Maxime GUILLEUX July 28t 2015, Natal, RN 13/28
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© Stochastic approach and Euclidean de Sitter space
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Relation to the stochastic approach

Starobinsky and Yokoyama : effective theory for light fields on

superhorizon scales
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Relation to the stochastic approach

Starobinsky and Yokoyama : effective theory for light fields on

superhorizon scales

@ Large amplitude of fluctuations on superhorizon scales
— classical stochastic behavior.

@ Spatial size > causal horizon & slow evolution
= single degree of freedom (t).

@ Stationary gravitational redshift
= stochastic sourcing by the subhorizon modes.

Starobinsky '86, Starobinsky Yokoyama '94
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Relation to the stochastic approach

Starobinsky and Yokoyama : effective theory for light fields on

superhorizon scales

@ Langevin equation for the effective dynamics :

Lazzari Prokopec "13 | 5
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Relation to the stochastic approach

Starobinsky and Yokoyama : effective theory for light fields on

superhorizon scales

@ Langevin equation for the effective dynamics :

e Stationary attractor solution at late times (equilibrium state) :

P((p) x e~ 2o+ Veri(p)

Lazzari Prokopec "13 | 5
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Relation to the stochastic approach

Starobinsky and Yokoyama : effective theory for light fields on

superhorizon scales

@ Langevin equation for the effective dynamics :

e Stationary attractor solution at late times (equilibrium state) :
P((p) o< e_QD+1 Veﬁ(so)
@ Identical to zero-dimensional generating functional, e.g. :

<2>:fd90<P273(<P): 1 PWi—o(J)
PIT T TdeP(e) | Qo 0

J=0

Lazzari Prokopec "13 | 5
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Relation to Euclidean de Sitter space

QFT on the D-sphere

Decomposing on the spherical harmonics : ¢(x) = Z@zYZ(X)
L
= o Yo +5(x)
~——

@

Beneke Moch '12,
Benedetti '14
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Relation to Euclidean de Sitter space

QFT on the D-sphere

e~ Wil z/Dsoexp <—3[90] — AS¢] - /XJs0>

Beneke Moch '12,
Benedetti '14
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Relation to Euclidean de Sitter space

QFT on the D-sphere
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~——
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Relation to Euclidean de Sitter space

QFT on the D-sphere

Decomposing on the spherical harmonics : ¢(x) = Z@zYZ(X)
L
= o Yo +5(x)
~——

@

e~ Wil z/Dsoexp <—3[90] — AS¢] - /XJs0>

— [z [Dpew (- Siz.0 - a8z el - [ o)
N
Qp1Jp

Beneke Moch '12,
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Relation to Euclidean de Sitter space

QFT on the D-sphere

Decomposing on the spherical harmonics : ¢(x) = Z@zYZ(X)
L
= o Yo +5(x)
~——

@

e~ Wil z/Dsoexp <—3[90] — AS¢] - /XJs0>
—[d5 [Doew (- Slza - a5z~ [ )

Qp1Jp
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Relation to Euclidean de Sitter space

QFT on the D-sphere

Decomposing on the spherical harmonics : ¢(x) = Z@zYZ(X)
L
= o Yo +5(x)
~——

@

e~ Wil z/Dsoexp <—3[90] — AS¢] - /XJs0>
—[d5 [Doew (- Slza - a5z~ [ o)
=~

e D+1 Vert (@) Qp1de
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Relation to Euclidean de Sitter space

QFT on the D-sphere

Decomposing on the spherical harmonics : ¢(x) = Z@zYE(X)
L
= o Yo +5(x)
~——

@

e~ Wil z/Dsoexp <—3[90] — AS¢] - /XJs0>
—[d5 [Doew (- Slza - a5z~ [ o)
=~

e D+1 Vert (@) Qpi1Jp

N P Beneke Moch '12,
21 WiJ) = /dg(_) e_QDH[VeH(%DHT(p +J4 J Benedetti '14

(0}
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@ NPRG flows and symmetry restoration
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Generalisation to O(N) symmetry

Pa@a

o Define : Vi(¢) = NUx(p) with p= N
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Generalisation to O(N) symmetry

Pa@a

o Define : Vi(¢) = NUx(p) with p= N

@ Functional flow equation :

NU = B (mfy k) + (N = 1) 8 (m?. k)
@ Local curvatures in the longitudinal and transverse directions :

mi(p) = Ur(p) + 20U (p)  and  m7 . (p) = Ui(p)
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Generalisation to O(N) symmetry

Pa@a
2N

Define : Vi(¢) = NUk(p) with p=

Functional flow equation :

NU = B (mfy k) + (N = 1) 8 (m?. k)
@ Local curvatures in the longitudinal and transverse directions :

mi(p) = Ur(p) + 20U (p)  and  m7 . (p) = Ui(p)

Large N limit : Ux = B (U, (p), k) first order equation!
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Symmetry restoration in the large N limit

o Uk = B(Ui(p). k)

o U(pk) =0

o pk = —OwB(W, k)|l w_o
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Symmetry restoration in the large N limit

o U = B(Up(p), k)
o U(pk) =0
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Symmetry restoration in the large N limit

o U = B(Up(p), k)
o U(pk) =0
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Flow in the IR : large N limit
exact solution to the flow

M4 (p)—M*(0 2 M2 (p)
U(p) = Uk(0) — kp + k(pz)% 2O 4 o (1 - i) " M%(o)

2 2 2 2\ 2
MZ( ) _ mk0+)\k0p+k n mk0+)\kop+k n ,\k0 1_ K2
k P 2 2 2QD+1 kg

Serreau '11 )
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From UV to IR : mass regeneration close to criticality

" ~= Minkowsk]
0012} — de Sitter

Symmetry restoration at the horizon

® PA = Pc
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. X
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o effective coupling Ak—o =~ =2
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Symmetry restoration for finite N

e 3(V" k) is decreasing with V"
— convexification
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Symmetry restoration for finite N

e 3(V" k) is decreasing with V"
— convexification
o Inthe IR : B(V" =0,k) oc k°

Massless Goldstone modes
—> Pk X kO—2

Symmetry restoration and mass regeneration
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@ Anomalous dimension : 7, = —Zk/Zk.

@ Corrections to stochastic approach ?

Quasi-de Sitter Additional fields

o H#0 @ Scalar QED

@ Non-eternal inflation @ Fermions

momentum dependance

fk = éTl" {Rk (rs{z) + Rk>_1}
N
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From UV to IR : mass regeneration

beyond criticality
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