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MOTIVATION

® Cosmological perturbations in (L)QC: observational window;

® Freedom in choice of vacuum state;

® Natural vacuum?
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MOTIVATION

® Cosmological perturbations in (L)QC: observational window;
® Freedom in choice of vacuum state;

® Natural vacuum?
- Adiabatic,
- Diagonalization of Hamiltonian®

. . . 2 . . 3

- Minimization of renormalized stress-energy tensor®, uncertainty relations”,
PR .. 4

- Minimization of smeared quantities”.

Fahn, et. al, Universe 5, 170 (2019), Elizaga Navascués, et. al, Class. Quant. Grav. 36,
185010 (2019)

2Agullo, et. al, PRD 91, 064051 (2015), Handley, et. al, PRD 94, 024041 (2016)
3Danie|sson, PRD 66, 023511 (2002), Ashtekar, et. al, Class. Quant. Grav. 34, 035004 (2017)

4de Blas, et. al, JCAP 06, 029 (2016), Elizaga Navascués, et. al, Class. Quant. Grav. 38,
035001 (2020), Olbermann, Class. Quant. Grav. 24, 5011 (2007)
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COSMOLOGICAL PERTURBATIONS

Inflaton field ¢ subject to potential V' (¢),

Scalar and tensor gauge invariant perturbations, minimally coupled:

o, T
e Redefinition: u = aQ, u! = aT?,

® Fourier modes:

= 1 ik
u(n, ¥) = W/dgkug(ﬂ)e b )
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COSMOLOGICAL PERTURBATIONS

® Equations of motion
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COSMOLOGICAL PERTURBATIONS

® Equations of motion

® in hybrid LQC:

4
s® = —%Gag (p—3P), 5 = s 1 u,

u=u [V(¢)7 Vo, Vigo, bckg] .
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COSMOLOGICAL PERTURBATIONS

® Equations of motion

® in hybrid LQC:

4
s® = —%Gag (p—3P), 5 = s 1 u,

u=u [V(¢)7 Vo, Vigo, bckg] .
® Power spectra (z = a¢/H):

k‘3 U 2 32k‘3 12

= — , .
272 22 N="Nend a a? N=Nend
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COSMOLOGICAL PERTURBATIONS

Adiabatic states

1 , -
® ansatz ug(n) = T()e—zfﬂ Wi (7)d7.
k(n
LWy 3 (W
2 _ 1.2 - k O [ Wy
Wi =k +s(n) 2, "1 <Wk> .
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COSMOLOGICAL PERTURBATIONS

Adiabatic states

1

® ansatz Uk(’]]) = T()e_i JK Wk(ﬁ)dﬁ:
kN
LWy 3 (W
2 _ k2 - k O [ Wy )
Wy + s(n) 5 W, + 1\ W,

o W™ — W, at least as O (k”_%):

k—o0

(n)n (n)! 2
(n+2)\? _ 12 . EWk § Wy
(Wk ) =k + 8(77) 2 W[gn) + 4 )

o W —k.
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STATES OF LOW ENERGY [OLBERMANN, CLASS. QUANT. GRAV. 24, 5011 (2007)]

® Fewster 2000 [Class. Quant. Grav. 17, 1897-1911 (2000)]:

- Renormalized energy density, smeared along time-like curve, is bounded
from below as function of state.

® Olbermann 2007:
- Particularize for generic FLRW models, smearing function supported on
worldline of isotropic observer,
- Define procedure to find state that minimizes it mode by mode.
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STATES OF LOW ENERGY [OLBERMANN, CLASS. QUANT. GRAV. 24, 5011 (2007)]

® Fewster 2000 [Class. Quant. Grav. 17, 1897-1911 (2000)]:

- Renormalized energy density, smeared along time-like curve, is bounded
from below as function of state.

® QOlbermann 2007:

- Particularize for generic FLRW models, smearing function supported on
worldline of isotropic observer,

- Define procedure to find state that minimizes it mode by mode.

® Candidates for vacuum of perturbations in LQC:

- Minimization of regularized energy density,
- Exact Hadamard states.
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STATES OF LOW ENERGY

A field Ty: ) .
Ty + 3HTy + wi(t)Tk =0,

k2—|—s()

® scalar or tensor perturbations: wj(t) = + H? + -
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e
STATES OF LOw ENERGY
A field Ty: ) .
Ty + 3HTy + wi(t)Tk =0,

k2—|—s()

® scalar or tensor perturbations: wj(t) = + H? + -

Minimize mode contribution to smeared energy density:

=§/ﬁﬁ@<ﬂn+wﬁﬁ)

where 77, = a®T}, f(t) smearing function.
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PROCEDURE

® Arbitrary solution Sy,

® Bogoliubov transformation:
Ty = A(K)Sk + pu(k) Sk,

with [X(E)|> — |u(k)|? = 1, fixing p(k) € R,

RITA NEVES, RNEVES@QUCM.ES ILQGS 23/03/2021

VACUUM STATE FOR LQC



PROCEDURE

® Arbitrary solution Sy,
® Bogoliubov transformation:
T, = )\(k)Sk + M(k)gk;

with [X(E)|> — |u(k)|? = 1, fixing p(k) € R,

® Defining:
1 )
k) =5 [ de £ (130 + ISu) = B
1 .
ca(k) = §/dt 72(0) (87 + 257).
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PROCEDURE

E(Ti) = (26°(k) + 1) ex(k) + 2u(k) Re[A(k) ea (k)]

2/ Al[ez| cos[Arg(A)+Arg(c2)]
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PROCEDURE

E(Ti) = (26°(k) + 1) ex(k) + 2u(k) Re[A(k) ea (k)]

2/ Al[ez| cos[Arg(A)+Arg(c2)]

Minimize E(T}) = Arg[A(k)] = m — Arg[ca(k)]:

E(Ty) = (21 (k) + Der (k) — 2u(k)y/ p2 (k) + ez (k
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PROCEDURE

E(Ti) = (26°(k) + 1) ex(k) + 2u(k) Re[A(k) ea (k)]

2/ Al[ez| cos[Arg(A)+Arg(c2)]

Minimize E(T}) = Arg[A(k)] = m — Arg[ca(k)]:

E(Ty) = (21 (k) + Der (k) — 2u(k)y/ p2 (k) + ez (k

Minimizing E(T}) with respect to pu:

_ ci(k) 1
“('“)_\/2 20— |a®PE 2

A(k) = —e—iArglea(0) c1(k) L
2¢/c3(k) — |ea(K)]? 2
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PROCEDURE

STATE OF Low ENERGY ASSOCIATED WITH f(¢)

T1. = A(k) Sy + (k) Sk,

2/c3 (k) — lea ()2 2
AE) = _eiArg[C2(k)]J _alk) L1
2

Veik) = lea(R)|2 2

< Dependence on smearing function (through ¢; and ¢3).
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PROCEDURE

STATE OF LOwW ENERGY ASSOCIATED WITH f(t)

T, = )\(k‘)Sk + ,u(k)gk,

wl) = |——<a® 1
2,/3(k) — lea (k)2 2

Ak) = _eiArg[%(k)JJ et 41
2

VE®) = lea(®)2 2
< Dependence on smearing function (through ¢; and ¢3).

The state T}, that is of low energy for any f(t).
Only exists in ultrastatic spacetimes.
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PROPERTIES

In maximally symmetric spacetimes:

® Minkowski: SLE trivially identical to Minkowski vacuum;
- start with S, = Minkowski vacuum
- cg=0trivially = |[A\| =1, =0
- Tk = S (up to phase)
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PROPERTIES

In maximally symmetric spacetimes:

® Minkowski: SLE trivially identical to Minkowski vacuum;

- start with S, = Minkowski vacuum
- cg=0trivially = |[A\| =1, =0
- Tk = S (up to phase)

® de Sitter: singles out Bunch-Davies

- support of f — distant past

- [massless case: our work]
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PROPERTIES (BANERJEE, NIEDERMAIER, J. MATH. PHYS. 61, 103511 (2020))

Independence of fiducial solution Sy;

Ty, admits UV and IR expansions;

UV aymptotic behavior of |Ty|? is independent of f;
® |R symptotic behavior is Minkowski-like for all f;

® As vacuum states of perturbations: agreement with observations for
cosmological models with period of kinetic dominance prior to inflation.
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Vacuum



-
SLEs iIN LQC

® Obtain S numerically

- give initial conditions (irrelevant)
<~ Oth order adiabatic at bounce:

- V(g) =m®¢?/2

- m=12x10"% mp,

(]53 =1.225 mp|
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SLEs iIN LQC

® Obtain S numerically

- give initial conditions (irrelevant)
< Oth order adiabatic at bounce:

- V(g) =m?¢°/2
- m=12x10"% mp,

- (]53 =1.225 mp|

14
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4.00 T T T
Planck TT,TE,EE+lowE-tlensing
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Planck 2018: predictive posterior plot of

free-form Bayesian reconstruction of primordial

power spectrum.
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-
SLEs iIN LQC

4
10! 102 10% o

400 . T T m
Planck TT,TE EE-+lowE-tlensing |

® Obtain S numerically

- give initial conditions (irrelevant)
<~ Oth order adiabatic at bounce:

2,2 /
- V(¢) =m (’b /2 2090‘*4 1073 102 107t
k [Mpc™]

- m=12x10"°% mp - .
Planck 2018: predictive posterior plot of

o5 = 1.225 mp free-form Bayesian reconstruction of primordial
power spectrum. In blue/green: ILLUSTRATIVE

example of PS when varying ¢
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SLEs iIN LQC

® Obtain S numerically
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< Oth order adiabatic at bounce:
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SLEs iIN LQC

® Obtain S numerically

- give initial conditions (irrelevant)
< Oth order adiabatic at bounce:

- V(g) =m?¢°/2
- m=12x10"% mp,

- Q)B = 1.225 me

[

k [Mpc™]

Planck 2018: predictive posterior plot of

free-form Bayesian reconstruction of primordial
power spectrum. In blue/green: ILLUSTRATIVE

example of PS when varying ¢
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-
SLEs iIN LQC

@ choose f3(t):

- usually in LQC, 2 strategies for choosing initial conditions of perturbations
- at bounce
- at asymptotic time well before bounce
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-
SLEs iIN LQC

@ choose f%(t):

- usually in LQC, 2 strategies for choosing initial conditions of perturbations
- at bounce
- at asymptotic time well before bounce

- here: no need for initial conditions, but need to choose f2:
- support on “whole” evolution (since well before to well after bounce):
—sresults insensitive to shape and support of f2 as long as it is wide
enough

- support on expanding branch only (f2 is sharp (but smooth) step function
starting at bounce):
—results insensitive to support as long as it is wide enough

ILQGS 23/03/2021
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-
SLEs iIN LQC

@ choose f%(t):

- support on “whole” evolution vs expanding branch only
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SLEs iIN LQC

@ choose f%(t):

- support on “whole” evolution vs expanding branch only

- smooth step function:

1

RITA NEVES, RNEVES@QUCM.ES

S(x) =

1 — tanh [cot(z)]

)

2
S(n;nﬂ> 7 <N <M+,
1 ni+0<n<ns—34
S(nf(;nﬂ) np =8 <n<n

ILQGS 23/03/2021

VACUUM STATE FOR LC



SLEs iIN LQC

@ choose f%(t):

- support on “whole” evolution vs expanding branch only

- smooth step function:

1

S(x) =

® compute ¢y, co — p, A — T},

RITA NEVES, RNEVES@QUCM.ES

1 — tanh [cot(z)]

)

2
S(n;nﬂ> 7 <N <M+,
1 ni+0<n<ns—34
S(nf(;nﬂ) np =8 <n<n
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SLEs IN LQC - RESULTS

® |nitial conditions:

1

uy(0) = NoTR
uy,(0) = \/?(Ck —1),

Dy positive function,
Cl: any real function.
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SLEs IN LQC - RESULTS

® |nitial conditions:

g (0) = \/%k

u,(0) = \/?(Ck —1),

Dy positive function,
C: any real function.

RITA NEVES, SVESQUC!

Vacuum
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SLEs IN LQC - RESULTS

® |nitial conditions:

g (0) = ﬁ

u,(0) = \/?(Ck —1),

Dy positive function,
C: any real function.

® scalar ~ tensor at bounce
S8 = g® 4z g®
- S%(0) > Oth order
adiabatic
(Dk =k,Cr = 0)

10! 4

6x 10°

4x10°

3x10°

2x10°

10-1
103
105
10-7 4

—-10-74
—-10-54
—~10-31
_10*1 4

—— whole evolution
--- expanding branch

[P

1078 10-7 1076 105 10~* 1073 1072
k (Mpc~1)
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-
SLEs IN LQC - RESULTS

® Power spectra (z = a¢/H): 107 ]
1079 1
B k‘3 |Uk|2
PR(]C) =53 5 , 10-11 4
272 2% In=nena Pr
10713 4
31,112
P. (k) — % |'uk| 10-15 4
T = ) . -
™ a N=Nend 17 —— whole evolution
10 --- expanding branch
10°
10-11 {
=
10713 4
10715 4
10 10°  10¢ 1072
k (Mpc~1)
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SLEs IN LQC - RESULTS

® Power spectra (z = a¢/H): 1074
10-8
Prlk) = oy |uk|2]
- ’ 109
272 22 In=rena Pr
10710,
3,12
Pr(k) = 220 il
T 2 : 10 — whol .
™ a N="MNend whole evolution
10-12 ---. expanding branch
1078

10794
Pr

1010 4

10°6 105 10* 10-3 1072
k (Mpc~1)
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SLEs IN LQC - RESULTS

® Power spectra (z = a¢/H): 10774
-8 J
kg |Uk|2 10
Pr(k) = —— ] , ]
= (k) 272 22 In=rena P20
30,12 1074
— 32k |'uk| —— whole evolution

Pr(k)

--- expanding branch

T a2 ’n:nend.
----- Adiabaticn =2

® QObservationally: close to 2nd
order Adiabatic;

106 105 107* 1073 102
k (Mpc~1)
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SLEs IN LQC - RESULTS

® Power spectra (z = a¢/H): 1074
108
Palk) = 1 |uk|2]
R - ! 109
212 22 |p=rena Pr
10710 4
3 1|2
P. (k) = % |'uk| n —— whole evolution
4 T a? lp=newa 10 --- expanding branch
102y Adiabatic n = 2
10*8 4

® QObservationally: close to 2nd
order Adiabatic;

1077
¢ Fundamentally different, SLEs: Pr
- minimize smeared energy 10-10 1
density,

- are exact Hadamard states:
computation of stress-energy
tensor

106 105 10¢ 1073 102
k (Mpc~1)
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-
SLEs IN LQC - RESULTS

® Tensor-to-scalar ratio
- scale invariance from smaller k.

103 4
—— whole evolution

1024 --- expanding branch
1014

r 10%4

10-14

10-24

10-34

10° 10®% 107 10°% 10 104 103 102 10!
k (Mpc~1)
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-
SLEs IN LQC - RESULTS

® Tensor-to-scalar ratio: ® Spectral index:
r9.002 =~ 0.117 ns ~ 0.969

0.20

TT,TE,EE+lowE+lensing
TT,TE,EE+lowE+lensing
K15

G,
7, \
&2

TT,TE,EE+lowE+lensing
+BK15+BAO

Natural inflation
Hilltop quartic model
« attractors

0.15

Power-law inflation
R? inflation

V x ¢?

Vo ¢t/

Vo

Vo /3

Low scale SB SUSY

0.10

2
©
5
3
g
L
5
g
54
2

0.05
ee |11

0.00

0.94 0.96 0.98 1.00
Primordial tilt (n.)

Planck 2018: Y. Akrami et al.(Planck), Astron. Astrophys. 641, A10 (2020)
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SLEs IN LQC - RESULTS

® Tensor-to-scalar ratio: ® Spectral index:
r9.002 =~ 0.117 ns ~ 0.969

TT,TE,EE+lowE+lensing
TT,TE,EE+lowE+lensing
K15

TT,TE,EE+lowE+lensing
+BK15+BAO

Natural inflation
Hilltop quartic model
« attractors

(

Power-law inflation
R? inflation

V x ¢?

Vo /3

Vo

Vo /3

Low scale SB SUSY
N.=50

Tensor-to-scalar ratio

0.94 0.96 0.98 1.00
Primordial tilt (n.)

Planck 2018: Y. Akrami et al.(Planck), Astron. Astrophys. 641, A10 (2020)
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SUMMARY AND OUTLOOK

SLEs are good candidates for vacua:

- Hadamard states,

- Minimize smeared energy density,

- IR and UV asymptotic behaviors independent of test function;

® |R and UV agreement with observations when KD precedes inflation;
® |n LQC:

- qualitative agreement with observations,

- insensitive to choice of test function;
[ ]

Rigorous statistical analysis:

- parameters of the background,
- quantization,

- V(o).
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Thank you for your attention
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