Renormalizing UV Divergences
In the Early Universe

What can go wrong?
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Looping in the Primordial Universe: Energy density

Massless non interacting scalar field

A A A 1 A A
¢ _ a
T,tu/ — a,u¢av¢ I Enﬂyaa¢a ¢

P Jd4x 0,0 ¢

Energy density  p:=—(0|7%,"|0) = (O\Eﬁoqﬁﬁoqﬁ + Eaigbdigb |1 0)
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® Divergent energy ? (Minkowski)

Solving EOM i) = | <X [ +af *] e
olving D(x) = (o) g+ aw'| =
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Looping in the Primordial Universe: Energy density

e Divergent energy ? (‘"Curved spacetime)

Massless scalar field on FLRW background a(?) =V 1 — A%t?

1 | o
Solving EOM u, = e—lk°x+l\/k2+A2T

a() \V2(k2 4+ A2)7

DQFT in curved spacetime, Birrell & Davies (1982)
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Massless scalar field on FLRW background a(?) =V 1 — A’t?

—ikx+iV k: + A%t

| |
Solving EOM uy, =
g k a(t) \/Q(kz +A2)%

€

Energy density results
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® Divergent energy ? (Curved spacetime)

Introducing UV cutoff e~V +4% 54 expanding in €

B 1 y 48 4H? — 8A” A2V — A2 50
P 302200 e [¥+ 2 ATt )Og€] + 0
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Looping in the Primordial Universe: Energy density

® Divergent energy ? (Curved spacetime)

—6\/k2 + A2

Introducing UV cutoff e and expanding in €

+ A22H? — AD)log e] + 0(e)

New!

Curvature!
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® Divergent energy ? (Curved spacetime)

Introducing UV cutoff e~V +4% 54 expanding in €
: I [48 A 847 + A%(QH? — A?)] ] + O(eY)
= im |— — 0g € €
P 3272a(t)* e»o0 L ¢4 €2 >

Renormalization
Procedure



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :
1. Make appearance of divergent structure explicit (Regularization):

MQW ~ lim ()

Divergences in terms of : J P




4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

MQW ~ lim ()

2. Absorb divergence in the coupling constant & fields (Renormalization):

Divergences in terms of : J P




4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

NQW ~ lim ()

2. Absorb divergence in the coupling constant & fields (Renormalization):

Divergences in terms of ) [ P

We define renormalized charge: ep = ¢, + €,



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

'\/\Q\N ~ |1m

2. Absorb divergence in the coupling constant & fields (Renormalization):

TN\
N

Divergences in terms of ) [ P

We define renormalized charge: ep = ¢, + €,



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

'\/\Q\N ~ |1m

2. Absorb divergence in the coupling constant & fields (Renormalization):

TN\
N

Divergences in terms of ) [ P

We define renormalized charge: ep = ¢, + €,

3. Fix finite leftover with experiments (Ren. conditions):



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

’V‘Q\N ~ |1m

2. Absorb divergence in the coupling constant & fields (Renormalization):

TN\
N

Divergences in terms of ) [ P

We define renormalized charge: ep = ¢, + €,

3. Fix finite leftover with experiments (Ren. conditions):

We measure e at some energy scale



4/33

Renormalization Procedure

How UV divergencies are cured in QFT :

1. Make appearance of divergent structure explicit (Regularization):

’V‘Q\N ~ |1m

2. Absorb divergence in the coupling constant & fields (Renormalization):

TN\
N

Divergences in terms of ) [ P

We define renormalized charge: ep = ¢, + €,

3. Fix finite leftover with experiments (Ren. conditions):

We measure e at some energy scale



5/33

Motivation



Qu:

Fluctuati

g S
i =
-

an

CMB

Motivation

-
Lol " Rk
a X e ’:‘ . . ‘ % @
- e
- R -..9‘- “ . ‘_

~ ‘
* e : ' 2 L . i .
. 4 '0'. R D ?’:’ - S, .-'.‘;;ﬁ ..? ) = N
"' 3 g -, pEy - j B .'. a : :F - °
.' 3 .," ) :’ ;‘- . -;. 0:‘ - = ﬁ. 3 ? .
. . -.; - p ) -".5” - 3 ..o.l ?
‘ .':: ‘ "30".? 5 ;ﬁ'.'\ . - 7 ‘ s ’
7.' ’. ' ; .5 4 # .-' - | ‘:: 2 “u : .\ . -' ‘_‘ "
\ -‘. vl .0" Ra '. _." ..(‘ R 55 8 & :’... ..r.
~ n ey .‘ i ; -e 23
LA " . LI . o * “\ s ~
St L T [ R R i .

.t bl | CREPRDY 'L/ | ﬂ . . b
| o - . ‘o ‘*
I 4 ’ S 1 . .

'é vl .."5.,) e o . R N 1/ .l._ . +‘ T
' % W ~\". A R | '.*i“ P 4 ‘

; ALY . éa. ) 'y . »
i b § -;: . P s T N S .' - . .’Q . "
<. " ".‘ : e L |
- ? bo, T , 1
“ .. - < .:’. ¥ ll -;‘?’ ...“.' ) ’ ’ ..‘ p . - .

b ! I LT W 1 ¢ Vo a

1l = )

5/33



Qu:

%,_Fluctuati

g S
i =
-

an

CMB

Motivation

-
Lol " Rk
a X e ’:‘ . . ‘ % @
- e
- R -..9‘- “ . ‘_

~ ‘
* e : ' 2 L . i .
. 4 '0'. R D ?’:’ - S, .-'.‘;;ﬁ ..? ) = N
"' 3 g -, pEy - j B .'. a : :F - °
.' 3 .," ) :’ ;‘- . -;. 0:‘ - = ﬁ. 3 ? .
. . -.; - p ) -".5” - 3 ..o.l ?
‘ .':: ‘ "30".? 5 ;ﬁ'.'\ . - 7 ‘ s ’
7.' ’. ' ; .5 4 # .-' - | ‘:: 2 “u : .\ . -' ‘_‘ "
\ -‘. vl .0" Ra '. _." ..(‘ R 55 8 & :’... ..r.
~ n ey .‘ i ; -e 23
LA " . LI . o * “\ s ~
St L T [ R R i .

.t bl | CREPRDY 'L/ | ﬂ . . b
| o - . ‘o ‘*
I 4 ’ S 1 . .

'é vl .."5.,) e o . R N 1/ .l._ . +‘ T
' % W ~\". A R | '.*i“ P 4 ‘

; ALY . éa. ) 'y . »
i b § -;: . P s T N S .' - . .’Q . "
<. " ".‘ : e L |
- ? bo, T , 1
“ .. - < .:’. ¥ ll -;‘?’ ...“.' ) ’ ’ ..‘ p . - .

b ! I LT W 1 ¢ Vo a

1l = )

5/33



5/33

Motivation

CMB

n L
an . 8 A -
A Oy e — ~ g K QN
) - - B i \ - Ere o F (
- v sty A . W -4 il - ,
. . . 0%- . - v Sl Y . v i ” - =t —
Ry d e £ ® : \ IR - d e 9, L — v 2
_ e o - H - = = - - 1
/ 9 N - . | | -
|

; ‘ ‘ X "~ ; 7 .5

. .VM ': | .;"' 4 "‘.‘t .:‘)'..\ ‘;. 3 "* ,‘fﬁ',.’ 'A.. ’E_.I‘i‘-'.‘." . : g : ° | b

e ) L/ » ¥ . > 1. '.'7‘...‘. o _‘; \ ~ .~’__ ot 7> s - |

‘.0‘ g .... - ’{'"‘o‘ ": ‘\“ ?'4:..' - : ‘ ‘. -:-"‘ -‘ . . .:;. ) {0;’ e . o Fe

e NS . L S .'él't s dre" e -’
I\ , N \ ‘\ I‘ /\ 7D P \
A Ay Ay Ay AA AAN AAN AN S
/ /\

I’\
f \r '\,‘f \ y h
./

\ N
{ IAN JAY FAY
YHT WA \, AN \\/\/,/ \/\I A \/\I/\ \/\/ /N \/\/ /N \/\/ /N \/\/ N \/\/ N

w.’
TR
JI \l \Y} \/ . ~\ .
" "O' .,-"' ..-' .‘q,'. = '::3' . -
" Q | .. i }“ . :::"5,‘1 ‘- o +" &
— _ ,‘ pojts TN , ";' -8 o ./
% Fluctuations | R, A .




5/33

Motivation

CMB

n L
an . 8 A -
A Oy e — ~ g K QN
) - - B i \ - Ere o F (
- v sty A . W -4 il - ,
. . . 0%- . - v Sl Y . v i ” - =t —
Ry d e £ ® : \ IR - d e 9, L — v 2
_ e o - H - = = - - 1
/ 9 N - . | | -
|

; ‘ ‘ X "~ ; 7 .5

. .VM ': | .;"' 4 "‘.‘t .:‘)'..\ ‘;. 3 "* ,‘fﬁ',.’ 'A.. ’E_.I‘i‘-'.‘." . : g : ° | b

e ) L/ » ¥ . > 1. '.'7‘...‘. o _‘; \ ~ .~’__ ot 7> s - |

‘.0‘ g .... - ’{'"‘o‘ ": ‘\“ ?'4:..' - : ‘ ‘. -:-"‘ -‘ . . .:;. ) {0;’ e . o Fe

e NS . L S .'él't s dre" e -’
I\ , N \ ‘\ I‘ /\ 7D P \
A Ay Ay Ay AA AAN AAN AN S
/ /\

I’\
f \r '\,‘f \ y h
./

\ N
{ IAN JAY FAY
YHT WA \, AN \\/\/,/ \/\I A \/\I/\ \/\/ /N \/\/ /N \/\/ /N \/\/ N \/\/ N

w.’
TR
JI \l \Y} \/ . ~\ .
" "O' .,-"' ..-' .‘q,'. = '::3' . -
" Q | .. i }“ . :::"5,‘1 ‘- o +" &
— _ ,‘ pojts TN , ";' -8 o ./
% Fluctuations | R, A .




N =
|7 ()
nI || La

%, Fluctuatic

=

Motivation

CMB

g R 2.9 = = -
7. - ,;,.- ‘s ¥ X .
e 5 - : —— -
5 v - 0
2 3 A wi’e « @s %
by ~p. @ o - - eaea i
Ve VT S aels o T R~ S .
- - - - % f
I8, X P N3 et - sl | P N
. A * ’ - ’ = atmr, <2 .'. .- - e
0 - - o - - - Phd
' . -' v ." ‘,.s » - ., " e ~
d . . Se s “hl* oﬁ'f‘ - -. o -

I‘ I‘ "\

| \mmm Ay Ay FAy AA N A\/

5/33

/"‘ . |
/\/\ Vi /\)\ V% /\/\ N/ /\/‘ N /\/\ % '\/\
\/ /\ \/\/ /‘

PN

\\_/

WAy M: X ‘W‘ \f\'/\ 7 \/w\ Y N N
\’ \/ , .

\/
J
b Ve g
_~~. ‘3 e
. .' . ;.‘ . @ <.‘.‘ “
e -,‘ 52T L
| 0 ‘. $’ ‘ .""“o
Mely 148
= 4 A
| ,’ . ._.

\\ N/
\ /
~ 7

».o

-
[




5/33

Motivation

Inflation

y j PR | g @ - s L e ! “I:‘. » ' : . - y - : ':?:‘ . .
5 U A TR | B S -~ als" ] 1 | P
,’,‘.l.\.’.‘\ Iy N \ / ;D /7 N / \ /
VAN AN AN AN NN AN DA N _/\/\ \/ /\/> AV A AR A A AN A A A VY 4 N \

T T v v V4 y VPN M 7 A ; ® / ®

AN AT AT AT AT PN AN AN N S N S VN S SN

\ VYo \ \ 7 / \ \ 7/ \ \ / N\ 7/

\/ \/ \ \/ \ / ~’/ ~

o\
/ \,’ / , )
\ \, \ N - e

ol IR
AT AKX
— ! SR (R ]

oy ! | ¢ ] A » ‘
) : : | . : 4 r 3 = \ E
& | \ . ~ -
o 4 ; | ’ - . . :
| |
= \ 1 : N - ; | - ° o ..
A el L b , - A N . X
| -7 [ ' 1 L. ' Y - . v ! . v L
119Nt - A : B ah ~ . v & o
{ (!l ,‘i“ v «y 1 \ -.‘. A ™ . ™ | .
¥y i » ’l e g \ o' . o ! .
/ y » N ~ \
e e e Y : | . . 1B — . o Y ;
l < ) \ o
C "y | ¥ .'
) - £ .
< A =P
- s | v !

% Fluctu




Motivation

B 0 by — ‘. 2 - ' - 3 - P !

X j ) < . - ». "% K 4 p
2 ml ] R P\ el -, _Se _" . ... .ﬂ I e - - |
R e N2 L . ] T g e __ieee

L=

-

WIAN AN AN MAN AN AN PA N /l\/\ \/ /\/> AV A AR A AV AR N AV AV { SN
Y
VA

\/ \J, | \V) \

~

i R
o 3 ."1

e

N '\\f&,' AV A ‘\.«"\,’ A\ '\\/\,’ A\ '\/‘\,’ /\ '\\/‘\,i VAN \/‘\/ AN '\\/\//’ VAN '\\/ s N \/’\/ N NN\ N '\/ AN
\/ \/ \J/ \/ < N/ ./ N

L4

5/33



6/33

Motivation

(2)

z (.. b)) 4

= SorGd

@, Maggiore Gravitational waves vol 1



6/33

Motivation

During radiation dominated era
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(3)Multi—wavelength constraints on the inflationary consistency relation (2075)
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Motivation

During radiation dominated era, finite amount of inflation

G ZHZJ’ Tk k\'" (sinkrt coskr
pgw B 612 k>x< szz k’l'

(3)Multi—wavelength constraints on the inflationary consistency relation (2075)
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Motivation

During radiation dominated era, finite amount of inflation

2H? k\" [sinkr coskr

—_— N - —
612 k>x< szz kt

: (11)4/3 [ % ( )
7\ 4 1222M2n, \ ks '
H> &
L [W( ks ) ]

(3)Multi—wavelength constraints on the inflationary consistency relation (2075)
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Renormalization procedure:

» Regularization
* Renormalization
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DH? " 0 Tk kK\" [/ sinktr coskr :
_ = e B ~{ oo

Renormalization procedure:

* Regularization
* Renormalization
* Ren. conditions

What can go wrong?



10/33

Outline

Renormalizing in the Early Universe: what can go wrong?



10/33

Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences



10/33

Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences

Regularization: UV cutoffs VS physical UV scales



10/33

Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences
Regularization: UV cutoffs VS physical UV scales

Renormalization: hard cutoffs VS dimensional regularization counterterterms



10/33

Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences
Regularization: UV cutoffs VS physical UV scales
Renormalization: hard cutoffs VS dimensional regularization counterterterms

Renormalization conditions VS predicted observables:

Can N, bounds constrain vacuum GWs?
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Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences

Regularization: UV cutoffs VS physical UV scales |
(cf. A.N S. Patil (2024) G\Ws case)

Renormalization: hard cutoffs VS dimensional regularization counterterterms
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IR divergences VS UV divergences
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IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

d°k

2y P(z, k)e*™ | d(z.k) = 4 (0) + a' P*(7)

P(7,x) = J
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IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

A dk - . n A N
P(7,x) = J 0y O(t, ke P(t, k) = a,¢,(r) + aikqﬁk (7)

Two point function rewritten in terms of power spectrum

G0 3

Geoden) = | TRED, ek

2
; I \ﬁbk(f)\

212
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On a background
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IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

A dk - . n A N
P(7,x) = J 0y O(t, ke P(t, k) = a,¢,(r) + aik¢k (7)

Two point function rewritten in terms of power spectrum

A A 0 3
($(@, )h(z, %)) = L — L@k Pyl == @I
On a background

2
(P(7, X)p(, %)) = (ﬁ)

* dk k\°
[ — |1 + ( ) UV and IR divergent!
27 o k aH
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IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

A dk - . n A N
P(7,x) = J 0y O(t, ke P(t, k) = a,¢,(r) + aik¢k (7)

Two point function rewritten in terms of power spectrum

A A 0 3
($(@, )h(z, %)) = L — L@k Pyl == @I
On a background

UV divergences:

© g1 I 2 to be renormalized
[ %1 ()
o k alH

N H\"
<¢(Ta X)¢(T, )C)) — (2_71')



IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

) dk - . A A .
P(7,x) = J (o) P(z, k)e™™ P(z, k) = ayy(v) + a' P (z)
T
Two point function rewritten in terms of power spectrum
A A o0 3 2
(h(z, 1)h(z, 1)) = L — Pl Py k) =1y
On a background

UV divergences:

0 Jdk 1 o\ 2 to be renormalized
7 i aH * |R divergences?

N H\"
(T, x)p(T,x)) = (Z_n)
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IR divergences VS UV divergences

Consider massless non-interacting test scalar field:

) dk - . A A .
P(7,x) = J (o) P(z, k)e™™ P(z, k) = ayy(v) + a' P (z)
T
Two point function rewritten in terms of power spectrum
A A o0 3 2
(h(z, 1)h(z, 1)) = L — Pl Py k) =1y
On a background

UV divergences:
 dk | o\ 2 to be renormalized
7 T aH * |R divergences:
must disappear
in observables!

N H\"
(T, x)p(T,x)) = (Z_n)

12/33
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Comparison PS massless scalar field

Dashed/ line: Infinite/ inflation

Power spectra evaluated at reheating a = ay,
where a; = 10~ “agin units and H is set to 27
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Finite duration inflation



Finite duration inflation

Radiation pre-inflationary era

1) oM 1 <T<7T itter inflati
I R De Sitter inflation

T
2 — —) R<T Radiation dominated era

14/33



Finite duration inflation

.
a(t) = ap (2 — —) e~ T< T Radiation pre-inflationary era
3
_ T\ - P
= ay, (—) e o <7T<1TR De Sitter inflation
T
T " . .
= dp (2 — —) R<T Radiation dominated era
R
|
H = . N = loglag/ay) = log(z/1R)
URTR

We have some preferred UV / IR scales ... Do they appear as UV cutoffs?

14/33



15/33

Finite duration inflation

Energy density massless scalar field during post-inflationary radiation dominated era

0o - , 7 1 1 ka2 — 2 ikt (2 — %
K dk [ 1P@ 1"+ 1@ 1|, o [“156 (k) g et

1
4r2a? L “ a \ﬁc

Py =
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Finite duration inflation

Energy density massless scalar field during post-inflationary radiation dominated era

> i / ] 1 1 —ikt <2—i> ikt (2—i>
RD 2 2 RD 2 RD 2 RD R R a R R a
P = | Rk RIS O @] g = [afe O et
Matching from initial Bunch Davies vacuum
- aRH . al%Hz . al%Hz —21 k 7] . . 6112 H 2 | CZIH
a,?za,%( L . +12k2>+lﬁ]£ 2k2€ “R a,ﬁz l 12k2 .

2172 21712
R . 1aRH i I{ . I apH” ik
= — 1l e “RY + 1 4 l — arH
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Finite duration inflation

Energy density results

| * dk al H? atH* + a*H*  afalHS
RD 4 R R I 1 AR
= — | k7| 2+ 1 + + + {osc
Fo 8mla* [ o k ( ) ( 2k 4k3 ose
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Finite duration inflation

Energy density results

00 4172 4 74 4174 4 4173 |
? 8n2a*), k 2kA 4k

Does not
contribute In
UV limit
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Finite duration inflation

Divergent contribution energy density results

. | > H*a,4 + H*a? | > as H?
HRD.div _ J g 1 2R AN J L
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Finite duration inflation

Divergent contribution energy density results

. | - H%% . *+H* " | >0 o H?
pROAY = [ d*k (1 +— I ) + [ dk—
¢ 8ntat ) _ -

2k*

Scales corresponding to beginning / end of inflation
do not regulate UV divergencies!
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Finite duration inflation

Divergent contribution energy density results

. | > H*a,4 + H*a? | > as H?
HRD.div _ J g 1 2R AN J L
¢ 8mta* J_ 2k4 8mta® J_ 2k?
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Regularization methods - Comparison

Divergent contribution energy density results

. | > H%ap4 + H a4 | > as H?
pRD,dlv — I d4k 1 4 R I n J' d4k R
¢ 8mtat ) _ 2k4 8mta® J_ 2k?
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Divergent contribution energy density results

. | > H%a4 + H*a? | > aa H?
pROAY = [ d*k (1 + —= I ) + J dk—=
¢ 871'4614 0 — 00

k4 846 2k?

Regularizing using in physical momenta ( ky;yv = al\yy )

WAy H4eMe) p - Ay H
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Regularization methods - Comparison

Divergent contribution energy density results

. | > H%a4 + H*a? | > aa H?
pROAY = [ d*k (1 + —= I ) + J dk—=
¢ 871'4614 0 — 00

2k4 4a0 2k?
Regularizing using in physical momenta ( ky;yv = al\yy )
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Regularization methods - Comparison

Divergent contribution energy density results

. | > H%a4 + H*a? | > aa H?
pROAY = [ d*k (1 + —= I ) + J dk—=
¢ 871'4614 0 — 00

2k4 4a0 2k?
Regularizing using in physical momenta ( ky;yv = al\yy )
c.t :'M4_AilJV + log & + 'MZ_A%V H”
e 167[2 AUV 1671'2 (Cl/aR)4

Regularizing with
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+

o
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However...
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Consider energy density and pressure of massless scalar field on de Sitter
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Consider energy density and pressure of massless scalar field on de Sitter
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Regularization methods - Comparison

Consider energy density and pressure of massless scalar field on de Sitter

_H4J'°°dk kO
P =8 o k aH

()] - -

Regularizing using

H4

72

f

required counterterms cannot be constructed from geometric invariants (

7/

k

|
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(

k
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Outline

Renormalizing in the Early Universe: what can go wrong?

IR divergences VS UV divergences
Regularization: UV cutoffs VS physical UV scales

Renormalization: hard cutoffs VS dimensional regularization counterterterms
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Outline

Renormalizing in the Early Universe: what can go wrong?

Renormalization conditions VS predicted observables

Can N, bounds constrain vacuum GWs?
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ZACTICK

P, definition

en (i, R n, 1)

B 327TGN612

assumptions:

High frequency GWs (wrt to curvature radius)
~ Flat spacetime

%) M. Maggiore Gravitational waves vol 1
) Gravitational Radiation in the Limit of High Frequency. Il. Nonlinear Terms and the Effective Stress Tensor (1968)
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P, RE-definition

_ <h]hf — 30,h, 0K — 4h, 0,00 + 20, TR + S%hjih;f>

assumptions:

High Treasency GWs
Flat swaceime
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P~ Finite duration inflation

Consider tensor vacuum perturbations (V7Y = 0, h} = 0)

A dk . X
h(7,x) = Z J' ek l e (K)ay () + € (- k)a i (T)]

o) My 2y
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P~ Finite duration inflation

Consider tensor vacuum perturbations during post-inflationary radiation dominated era

A k. A kAt A
P x) = ) JMl(zﬂ)gem-k [eg;(k)aky;‘D(f) + e (—k)a’ k}/kRD(T)]
p

r=—+.,X

where

}/]/{RD(T) — dr [age—ikﬁ{(Z—%) (1 iakTR) n lseikTR<2—£> (1 | ikTRa )]

aRr
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P~ Finite duration inflation

P gy results
1 J’°° dk k4[(1 - TagH? ) (1 N agH* + afH* N aiagH®
2rca® 2a°k?

png
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P~ Finite duration inflation

P gy results
1 [ dk TagH* atH* + a’H*  alaiH®
Pow = J e k4 [ (1 _ R ) (1 1 R | n I %R ) 4 { ; }]
S 2m2at |, k 2a2k? 2 I A8

Does not
contribute In
UV limit
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P~ Finite duration inflation

P gy results
| J’°°dk k4[(1 7 H2)<1+ H*+ H4+ H8>+{ }]
_ _ _— e
Pgw 2n2at ), k 7 q2k?2 2 4 A )3
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P~ Finite duration inflation

P gy results
1 J’m% k4[(1 - 7aR4H2)(1 N ag*H* + a*H* N aiagH®
2ra* J, k 2a°k?

png

oK Ve ) " {OSC}]

Divergent contribution that necessitates subtraction

1 ro i () GG TaH?
drta* ) _ 2k4 2a2k?

P gw,div
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P~ Finite duration inflation

P gy results
| > dk Tan4H? a*H* + a*H*  alasH®
J _k4[(1 _R_)(H;JFL) +{OSC}]
0 K 2a%k?

pgw_

- 272a4 DA 48

Divergent contribution that necessitates subtraction

1 ro i () GG TaH?
drta* ) _ 2k4 2a2k?

Regularising using dimensional regularization

y H*(1+e*e) | | | <,u )
., = lim Fl =Ygt 102 | —
Powdiv= 00|~ analap® | duy ETOS\H

P gw,div
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P~ Finite duration inflation

Absorbing divergences, Einstein equations during radiation domination

1 1 b oW 7°Ct
87Z'GB (R,m/ il ERg,m/) = T,m% T <T,§1/> T <T/31/
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P~ Finite duration inflation

Absorbing divergences, Einstein equations during radiation domination

1 1 b oW 7ct
87Z'GB (R,m/ il ERg,m/) — T,m% T <T/§1/> T <T/31/

00 component results

R’
87TGB
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P~ Finite duration inflation

Absorbing divergences, Einstein equations during radiation domination

1 1 b oW 7ct
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00 component results
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P~ Finite duration inflation

Absorbing divergences, Einstein equations during radiation domination

1 1 b oW 7ct
87Z'GB (R,m/ il ERg,m/) — T,m% T <T/§1/> T <T/31/

00 component results

1 3H?
87Gy (alap)?

3H2 B_ H2 1 + 6_4'/Vt0t
Pct = 4 : + BO ’ B_1 — = ( )
(alag)* \ oyy 1272

:'Obg_l_

H* (1 + 6_4/Vt0t) |
H

H
R
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P~ Finite duration inflation

Absorbing divergences, Einstein equations during radiation domination

1 1 b ToW 7°ct
87Z'GB (R,m/ il ERg,m/) = T,m% T <T/§1/> T <T/31/

00 component results

1 3H? - H*(1+e ) | RN /AN R
— —— — 0g | — .
87Z'GB (Cl/ CZR)4 pbg ’SUV VE g 2 Pct TP gw,finite

3H2 B_»1 H2 1 + 6_4'/Vt0t
pa=——="+B ) . B, = )
(alap)* \ v 1272
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P~ Finite duration inflation

Finite 00 component results

1/ 3H* \ 3H? \ [ H? (1 +e7 ) , oo [ K R
87Z'GB<(CI/CZR)4) _pbg_l'pgw,ﬁnite_l_ <(Cl/aR)4> 1272 ( — Yg T+ 108 E ) + 0
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P~ Finite duration inflation

Finite 00 component results

1/ 3H* \ 3H? \ [ H? (1 +e7 ) , oo [ K R
SEGB((G/CZR)4> _pbg_l'pgw,ﬁnite_l_ <(Cl/aR)4> 1272 ( — Yg T+ 108 E ) + 0

We define finite renormalized Newtonian constant as

| | H?

_ _ H
— B I+ e Vo)1 =y, + log [ = ]
87Gn(1) 872Gy ° 127:2( ) T TETE ( H )
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P~ Finite duration inflation

Finite 00 component results

1/ 3H* \ 3H? \ [ H? (1 +e7 ) , oo [ K R
SEGB((G/CZR)4) _pbg'l'pgw,ﬁnite_l_ ((Cl/aR)4> 1272 ( — Yg T+ 108 E ) + 0

We define finite renormalized Newtonian constant as

| | H?

_ _ H
— B I+ e Vo)1 =y, + log [ = ]
87Gn(1) 872Gy ° 12%2( ) T TETE ( H )

So that 00 component results

| 3H?
8nGn(u) (alag)?

_ cl
— pbg + pgw,ﬁnite
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Can we constrain primordial GWs
with [V bounds?

No!
Primordial GWs are indistinguishable from the “classical background”

] 3H?
3nGpn(p) (al CZR)4

— ~cl —
— ,Ubg + pgw,ﬁnite = Pmeas

CRVAK
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Can we constrain primordial GWs

with /V_; bounds?

No!
Primordial GWs are indistinguishable from the “classical background”

I 3H" |
We do not separately measure
— >W\< 4 m@w 4+ “classical quantities” and
“‘quantum corrections”
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Can we constrain primordial GWs

with /V 4 bounds?

No!
Primordial GWs are indistinguishable from the “classical background”

Pro: Less constraints, more freedom!

Cons: More freedom, less constraints... Working progress
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Infinities appear in cosmology: IR divergence
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Scaleless integrals and dim-reg

Two point function massless non interacting scalar field on pure de Sitter (late time)

fim{ (e, e, 1) = 2 [Oo k_H rO d*k R
o PRI | T Tt e md) T e+ m)

— OO0

Using dimensional regularization we obtain equal but opposite contributions

+/ . 1 " + 1
- — | — — — O —
A7 | 6 2 > A7y’ 'E

Keeping separate UV/IR contributions (assuming IR div disappear in well defined obs)

2
lim{¢p(z, x)p(z, x)) = (£> l : —i+1og Fov

7—0 271' 5UV 5IR MIR




Massless field on de Sitter

Two point function

ro Tk _1+< L )2_ e UV divergent

N H\’
(@7, )p(z, %)) = (_> aH * IR divergent

27

Regularizing using

(e 0den) =L ro L9014y = - ro d : L+ -
T.X)P(T, X)) = —— — = — — I — I —
87+ )_ q* ! 8xt J_ ! (g2 + m?) g (g + m?) qg*q*+ m?)

Counterterm that subtracts UV divergence results (ignoring IR divergences)

(. = H21 & L | —log4
S N e—




Massless field on de Sitter

Two point function

N H\(® dkr v« * UVdivergent
s (2] 200

2n) ), k aH * IR divergent
Regularizing using (g :=k/(aH)and m := u/H ):
A A H? (® d% H? [ 1 1 +m*? m >
P ol RN o (P L SR . O
(P(r, x)p(7,x)) - J_OO " (I +g°) el q [(q2+ = T AL At D)

Counterterm that subtracts UV divergence results (ignoring IR divergences)

(. = H21 & L | —log4
S N e—




Finite duration inflation

Two point function massless non interacting scalar field

1 r"dk k?

2mla?

(PRP(z, x)pRP(z, x)) =

2mla?

1 r’dkkz
o k2

4 et  (Bajag + 2a(ag — ap)))?

4k?® Qatal

k—0



Result energy density from Isaacson stress tensor (dashed lines)
compared with improved result (blue line).

Grey shaded regions correspond to super-horizon scales (outside domain of validity of
|Isaacson stress tensor, and also where improved becomes negative )






