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• Precision Cosmology: Planck analysis confirms excellent agreement 
between    CDM theoretical predictions and observations

www.cosmos.esa

INTRODUCTION  

• At Planckian energy densities we expect quantum gravity to play a role. 

Quantum Cosmology

• Hopes of confronting QC with future observations.

• The standard cosmological model ignores the pre-inflationary epoch 
and the initial singularity.
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- LQG inspired treatment for the conformal factor 
- Fock quantization for the perturbations

• Framework: hybrid Loop Quantum Cosmology

INTRODUCTION  

• Motivation: singularity-free description.

• Well-defined pre-inflationary dynamics.

http://gravity.psu.edu/outreach/articles/bigbounce.pdf

http://www.igcscience.org/2316/03/13/loop-
quantum-cosmology-and-the-early-universe/
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• Flat FLRW in LQC: quantum bounce and effective dynamics

OUTLINE  

• Perturbations within LQC: hybrid quantization and effective dynamics
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• Observational consequences from LQC

- Vacuum proposals in LQC: e.g. states of low energy

- Different predictions

- Primordial Power Spectrum



 FLAT FLRW + SCALAR     in LQC       
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Improved dynamics prescription

We can understand it better as a canonical transformation from

the area variable µ / p to the volume variable v / sign(p)|p|3/2

followed by a “polymerization” of the variable conjugate to v:

Canonical transformation: (c, p) ! (b, v), {b, v} = 2

b =
c
p
p
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2⇡G�
, Cg = �6(2⇡G)2b2v2

Hg = span{|vi, v 2 R} , hv|v
0
i = �v,v0 , v̂|vi = v|vi
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• Improved dynamics:
[Ashtekar, Pawlowski, Singh, 06]

• Geometry: loop representation

• Kinematical Hilbert space:

Quantum representation

Kinematical Hilbert space: H = Hg ⌦Hm

Matter: standard representation, Hm = L
2(R, d�)

Geometry: loop representation

I Holonomies of c along straight edges of length µ: hµi (c) = e
µc�i

I Holonomies matrix elements: Nµ(c) = e
iµc/2

(Regarded as the quantum states: Nµ(c) ! |µi)

I Configuration algebra: span{|µi, µ 2 R}

I Hg = span{|µi, µ 2 R} , hµ|µ
0
i = �µ,µ0

p̂|µi / µ|µi, dNµ0 |µi = |µ+ µ
0
i
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P̂� = �i@�

“Polymerization”: 
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\e±ib/2|vi = |v ± 1i
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ceib + de�ib
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,
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v̂|vi = v|vi
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hv|v0i = �v,v0
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Hg = span{|vi, v 2 R}

,
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HAMILTONIAN CONSTRAINT OPERATOR 
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(2⇡G�bv)2
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⌦̂2|vi = �f+(v)|v + 4i+ fo(v)|vi � f�(v)|v � 4i
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symmetric operator

representing

• Non-degenerate absolutely continuous spectrum

• (Real) generalized eigenfunctions with eigenvalue      :      
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k2

Gravitational operator

b⌦2 is positive and (essentially) self-adjoint operator

Non-degenerate absolutely continuous spectrum

(Generalized) eigenfunctions: e"k(v)
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they behave as standing waves                       

Quantum bounce

�

v

LQC
classical

Reason: e"k(v) �!v!1 r[ei↵"(k)ek + e
�i↵"(k)e

�k]

with e
±k contracting/ expanding waves ! Standing wave
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v < k2

[Martín-Benito, Mena, Olmedo, 09]
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[Ashtekar, Pawlowski, Singh, 06]



LQC: QUANTUM BOUNCE

Big Bang              Big Bounce

• Expectation value of the volume on semiclassical states

• The spectrum of the energy density is bounded from above:          
[Ashtekar, Corichi, Singh,07]
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[by courtesy of J. Olmedo]
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[Ashtekar, Pawlowski, Singh, 06]



LQC: EFFECTIVE DYNAMICS

GR                                     

Effective LQC                                     

• Background dynamics: flat FLRW + inflaton                                              
<latexit sha1_base64="7Gy0ZW49+Byo51YNunpyloqX7L8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26l6z3ni4qrVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEV0o5G</latexit>

�

7/20

<latexit sha1_base64="i2ylX6EPy0B9TTkWbd87f4qm25g=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3woZyJmnLMstpN9UUi4jTTjS+y/3OE9WGKfloJykNBR5JFjOCbS71daIG1Zpf9+dAqyQoSA0KNAfVr/5QkUxQaQnHxvQCP7XhFGvLCKezSj8zNMVkjEe056jEgppwOr91hs6cMkSx0q6kRXP198QUC2MmInKdAtvELHu5+J/Xy2x8E06ZTDNLJVksijOOrEL542jINCWWTxzBRDN3KyIJ1phYF0/FhRAsv7xK2hf14Kp++XBZa9wWcZThBE7hHAK4hgbcQxNaQCCBZ3iFN094L96797FoLXnFzDH8gff5AyKajlA=</latexit>⇢ : energy density   ,      : pressure 
<latexit sha1_base64="+nU/KWqFVEf08tfUljDGl5R7qjs=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHqX1VqzVqnf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOsh4zd</latexit>

P



Loop quantization for the zero-mode of the geometry 
Fock quantization for the inhomogeneities

HYBRID QUANTIZATION

• Inclusion of inhomogeneities in LQC            

• Assumption: Main quantum gravity effects are those affecting the global 
degrees of freedom of the geometry           

LQG hybrid LQC QFT/CS

8/20

[Garay, Martín-Benito, Mena Marugán,08]



Loop quantization for the zero-mode of the geometry 
Fock quantization for the inhomogeneities

HYBRID QUANTIZATION

• Inclusion of inhomogeneities in LQC            

• Assumption: Main quantum gravity effects are those affecting the global 
degrees of freedom of the geometry           

[Garay, Martín-Benito, Mena Marugán,08]
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• Hybrid quantization of the full symplectic system described by gauge 
invariant variables

• Extract effective classical dynamics for the perturbations from the 
Hamiltonian constraint of the system

[Castelló Gomar, Martín-Benito, Mena Marugán,15]

FLRW with cosmological perturbations

• We consider FLRW + inflaton, perturbed at linear order.



<latexit sha1_base64="9Y5UjhlIajq9YYv6ro0QLRB0UCY="></latexit>

(µ±
~k
(⌘))00 +

h
k2 + s(t)(⌘)

i
µ±
~k
(⌘) = 0Tensor modes:

Scalar modes:
<latexit sha1_base64="64o9l0w8jCZm2LkuAaNJr8mblos="></latexit>

v00~k (⌘)) +
h
k2 + s(s)(⌘)

i
v~k(⌘) = 0

<latexit sha1_base64="86rg1U8A1nvPZWfdytcxyX/DKZ0=">AAACFnicbVA9SwNBEN2L3/ErammzGISkSLiLojaCaKFlBBMDuUvY2+wlS/Y+2J0Tw3G/wsa/YmOhiK3Y+W/cJFeo8cHA470ZZua5keAKTPPLyM3NLywuLa/kV9fWNzYLW9tNFcaSsgYNRShbLlFM8IA1gINgrUgy4ruC3brDi7F/e8ek4mFwA6OIOT7pB9zjlICWuoWK6iQlG9g9JJCW09OK7UlCk0M74vgyTQ5S0qnhki0HYeWgXu4WimbVnADPEisjRZSh3i182r2Qxj4LgAqiVNsyI3ASIoFTwdK8HSsWETokfdbWNCA+U04yeSvF+1rpYS+UugLAE/XnREJ8pUa+qzt9AgP11xuL/3ntGLwTJ+FBFAML6HSRFwsMIR5nhHtcMgpipAmhkutbMR0QnQvoJPM6BOvvy7OkWataR9Xa9WHx7DyLYxntoj1UQhY6RmfoCtVRA1H0gJ7QC3o1Ho1n4814n7bmjGxmB/2C8fENSmWeJw==</latexit>

s(t) = �4⇡G

3
a2(⇢� 3P )

<latexit sha1_base64="I8FfFNNPJcUNz/niYjhrdRyaYQE=">AAACHXicbVBNSwMxEM36WevXqkcvwSJUlLJbinoRil48VnDbQreWbJq2odkPk1mxLP0jXvwrXjwo4sGL+G/MtgW19UHCmzczzMzzIsEVWNaXMTe/sLi0nFnJrq6tb2yaW9tVFcaSMoeGIpR1jygmeMAc4CBYPZKM+J5gNa9/keZrd0wqHgbXMIhY0yfdgHc4JaCllllyb2PSPhr9WN0keRfYPSRqeDA8+wlBh4euT6BHicBOy8xZBWsEPEvsCcmhCSot88NthzT2WQBUEKUathVBMyESOBVsmHVjxSJC+6TLGpoGxGeqmYyuG+J9rbRxJ5T6BYBH6u+OhPhKDXxPV6YbqulcKv6Xa8TQOW0mPIhiYAEdD+rEAkOIU6twm0tGQQw0IVRyvSumPSIJBW1oVptgT588S6rFgn1cKF6VcuXziR0ZtIv2UB7Z6ASV0SWqIAdR9ICe0At6NR6NZ+PNeB+XzhmTnh30B8bnN/SZonQ=</latexit>

, s(s) = s(t) + U

Hybrid LQC:

effective LQC
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PERTURBATIONS: EFFECTIVE DYNAMICS 

[Castelló Gomar, Martín de Blas, Mena Marugán, Olmedo, 17]



<latexit sha1_base64="9Y5UjhlIajq9YYv6ro0QLRB0UCY="></latexit>

(µ±
~k
(⌘))00 +

h
k2 + s(t)(⌘)

i
µ±
~k
(⌘) = 0Tensor modes:

Scalar modes:
<latexit sha1_base64="64o9l0w8jCZm2LkuAaNJr8mblos="></latexit>

v00~k (⌘)) +
h
k2 + s(s)(⌘)

i
v~k(⌘) = 0

<latexit sha1_base64="86rg1U8A1nvPZWfdytcxyX/DKZ0=">AAACFnicbVA9SwNBEN2L3/ErammzGISkSLiLojaCaKFlBBMDuUvY2+wlS/Y+2J0Tw3G/wsa/YmOhiK3Y+W/cJFeo8cHA470ZZua5keAKTPPLyM3NLywuLa/kV9fWNzYLW9tNFcaSsgYNRShbLlFM8IA1gINgrUgy4ruC3brDi7F/e8ek4mFwA6OIOT7pB9zjlICWuoWK6iQlG9g9JJCW09OK7UlCk0M74vgyTQ5S0qnhki0HYeWgXu4WimbVnADPEisjRZSh3i182r2Qxj4LgAqiVNsyI3ASIoFTwdK8HSsWETokfdbWNCA+U04yeSvF+1rpYS+UugLAE/XnREJ8pUa+qzt9AgP11xuL/3ntGLwTJ+FBFAML6HSRFwsMIR5nhHtcMgpipAmhkutbMR0QnQvoJPM6BOvvy7OkWataR9Xa9WHx7DyLYxntoj1UQhY6RmfoCtVRA1H0gJ7QC3o1Ho1n4814n7bmjGxmB/2C8fENSmWeJw==</latexit>

s(t) = �4⇡G

3
a2(⇢� 3P )

<latexit sha1_base64="I8FfFNNPJcUNz/niYjhrdRyaYQE=">AAACHXicbVBNSwMxEM36WevXqkcvwSJUlLJbinoRil48VnDbQreWbJq2odkPk1mxLP0jXvwrXjwo4sGL+G/MtgW19UHCmzczzMzzIsEVWNaXMTe/sLi0nFnJrq6tb2yaW9tVFcaSMoeGIpR1jygmeMAc4CBYPZKM+J5gNa9/keZrd0wqHgbXMIhY0yfdgHc4JaCllllyb2PSPhr9WN0keRfYPSRqeDA8+wlBh4euT6BHicBOy8xZBWsEPEvsCcmhCSot88NthzT2WQBUEKUathVBMyESOBVsmHVjxSJC+6TLGpoGxGeqmYyuG+J9rbRxJ5T6BYBH6u+OhPhKDXxPV6YbqulcKv6Xa8TQOW0mPIhiYAEdD+rEAkOIU6twm0tGQQw0IVRyvSumPSIJBW1oVptgT588S6rFgn1cKF6VcuXziR0ZtIv2UB7Z6ASV0SWqIAdR9ICe0At6NR6NZ+PNeB+XzhmTnh30B8bnN/SZonQ=</latexit>

, s(s) = s(t) + U

Hybrid LQC:

effective LQC

PERTURBATIONS: EFFECTIVE DYNAMICS 

[Castelló Gomar, Martín de Blas, Mena Marugán, Olmedo, 17]

Dressed metric
<latexit sha1_base64="cPCLtvDnqRm6wfFhDyf0Ynb4wSg=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUg2VXinoRil48VrAf0q4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfjtLyyura+u5jfzm1vbObmFvv6GjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLyZ+M0nqjSL5L0ZxdQXuC9ZyAg2VnrQj2nJnIyvTruFolt2p0CLxMtIETLUuoWvTi8iiaDSEI61bntubPwUK8MIp+N8J9E0xmSI+7RtqcSCaj+dHjxGx1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDST5mME0MlmS0KE45MhCbfox5TlBg+sgQTxeytiAywwsTYjPI2BG/+5UXSOCt75+XKXaVYvc7iyMEhHEEJPLiAKtxCDepAQMAzvMKbo5wX5935mLUuOdnMAfyB8/kD6CCP1Q==</latexit>

s(t) = � <latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

[Agulló, Ashtekar, Nelson,12]
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<latexit sha1_base64="9Y5UjhlIajq9YYv6ro0QLRB0UCY="></latexit>

(µ±
~k
(⌘))00 +

h
k2 + s(t)(⌘)

i
µ±
~k
(⌘) = 0Tensor modes:

Scalar modes:
<latexit sha1_base64="64o9l0w8jCZm2LkuAaNJr8mblos="></latexit>

v00~k (⌘)) +
h
k2 + s(s)(⌘)

i
v~k(⌘) = 0

<latexit sha1_base64="86rg1U8A1nvPZWfdytcxyX/DKZ0=">AAACFnicbVA9SwNBEN2L3/ErammzGISkSLiLojaCaKFlBBMDuUvY2+wlS/Y+2J0Tw3G/wsa/YmOhiK3Y+W/cJFeo8cHA470ZZua5keAKTPPLyM3NLywuLa/kV9fWNzYLW9tNFcaSsgYNRShbLlFM8IA1gINgrUgy4ruC3brDi7F/e8ek4mFwA6OIOT7pB9zjlICWuoWK6iQlG9g9JJCW09OK7UlCk0M74vgyTQ5S0qnhki0HYeWgXu4WimbVnADPEisjRZSh3i182r2Qxj4LgAqiVNsyI3ASIoFTwdK8HSsWETokfdbWNCA+U04yeSvF+1rpYS+UugLAE/XnREJ8pUa+qzt9AgP11xuL/3ntGLwTJ+FBFAML6HSRFwsMIR5nhHtcMgpipAmhkutbMR0QnQvoJPM6BOvvy7OkWataR9Xa9WHx7DyLYxntoj1UQhY6RmfoCtVRA1H0gJ7QC3o1Ho1n4814n7bmjGxmB/2C8fENSmWeJw==</latexit>

s(t) = �4⇡G

3
a2(⇢� 3P )

<latexit sha1_base64="I8FfFNNPJcUNz/niYjhrdRyaYQE=">AAACHXicbVBNSwMxEM36WevXqkcvwSJUlLJbinoRil48VnDbQreWbJq2odkPk1mxLP0jXvwrXjwo4sGL+G/MtgW19UHCmzczzMzzIsEVWNaXMTe/sLi0nFnJrq6tb2yaW9tVFcaSMoeGIpR1jygmeMAc4CBYPZKM+J5gNa9/keZrd0wqHgbXMIhY0yfdgHc4JaCllllyb2PSPhr9WN0keRfYPSRqeDA8+wlBh4euT6BHicBOy8xZBWsEPEvsCcmhCSot88NthzT2WQBUEKUathVBMyESOBVsmHVjxSJC+6TLGpoGxGeqmYyuG+J9rbRxJ5T6BYBH6u+OhPhKDXxPV6YbqulcKv6Xa8TQOW0mPIhiYAEdD+rEAkOIU6twm0tGQQw0IVRyvSumPSIJBW1oVptgT588S6rFgn1cKF6VcuXziR0ZtIv2UB7Z6ASV0SWqIAdR9ICe0At6NR6NZ+PNeB+XzhmTnh30B8bnN/SZonQ=</latexit>

, s(s) = s(t) + U

Hybrid LQC:

effective LQC

PERTURBATIONS: EFFECTIVE DYNAMICS 

[Castelló Gomar, Martín de Blas, Mena Marugán, Olmedo, 17]

• Other quantization prescriptions lead to different effective masses
mLQC - I, mLQC - II [Li, Singh, Wang, 20]  [Li, Olmedo, Singh, Wang, 20]
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<latexit sha1_base64="9Y5UjhlIajq9YYv6ro0QLRB0UCY="></latexit>

(µ±
~k
(⌘))00 +

h
k2 + s(t)(⌘)

i
µ±
~k
(⌘) = 0Tensor modes:

Scalar modes:
<latexit sha1_base64="64o9l0w8jCZm2LkuAaNJr8mblos="></latexit>

v00~k (⌘)) +
h
k2 + s(s)(⌘)

i
v~k(⌘) = 0

<latexit sha1_base64="86rg1U8A1nvPZWfdytcxyX/DKZ0=">AAACFnicbVA9SwNBEN2L3/ErammzGISkSLiLojaCaKFlBBMDuUvY2+wlS/Y+2J0Tw3G/wsa/YmOhiK3Y+W/cJFeo8cHA470ZZua5keAKTPPLyM3NLywuLa/kV9fWNzYLW9tNFcaSsgYNRShbLlFM8IA1gINgrUgy4ruC3brDi7F/e8ek4mFwA6OIOT7pB9zjlICWuoWK6iQlG9g9JJCW09OK7UlCk0M74vgyTQ5S0qnhki0HYeWgXu4WimbVnADPEisjRZSh3i182r2Qxj4LgAqiVNsyI3ASIoFTwdK8HSsWETokfdbWNCA+U04yeSvF+1rpYS+UugLAE/XnREJ8pUa+qzt9AgP11xuL/3ntGLwTJ+FBFAML6HSRFwsMIR5nhHtcMgpipAmhkutbMR0QnQvoJPM6BOvvy7OkWataR9Xa9WHx7DyLYxntoj1UQhY6RmfoCtVRA1H0gJ7QC3o1Ho1n4814n7bmjGxmB/2C8fENSmWeJw==</latexit>

s(t) = �4⇡G

3
a2(⇢� 3P )

<latexit sha1_base64="I8FfFNNPJcUNz/niYjhrdRyaYQE=">AAACHXicbVBNSwMxEM36WevXqkcvwSJUlLJbinoRil48VnDbQreWbJq2odkPk1mxLP0jXvwrXjwo4sGL+G/MtgW19UHCmzczzMzzIsEVWNaXMTe/sLi0nFnJrq6tb2yaW9tVFcaSMoeGIpR1jygmeMAc4CBYPZKM+J5gNa9/keZrd0wqHgbXMIhY0yfdgHc4JaCllllyb2PSPhr9WN0keRfYPSRqeDA8+wlBh4euT6BHicBOy8xZBWsEPEvsCcmhCSot88NthzT2WQBUEKUathVBMyESOBVsmHVjxSJC+6TLGpoGxGeqmYyuG+J9rbRxJ5T6BYBH6u+OhPhKDXxPV6YbqulcKv6Xa8TQOW0mPIhiYAEdD+rEAkOIU6twm0tGQQw0IVRyvSumPSIJBW1oVptgT588S6rFgn1cKF6VcuXziR0ZtIv2UB7Z6ASV0SWqIAdR9ICe0At6NR6NZ+PNeB+XzhmTnh30B8bnN/SZonQ=</latexit>

, s(s) = s(t) + U

Hybrid LQC:

effective LQC

• Few Planck seconds away from the bounce we recover GR.

• Around the bounce (kinematically dominated regime):
<latexit sha1_base64="KX3iBsPQpBDVMz1iOFLgJl9ZwXw=">AAACDXicbZC7SgNBFIZn4y3G26qlzWAUYhN2g6hl0MYygrlAdg2zk9lkyOyFmbOSsOQFbHwVGwtFbO3tfBsnyYKa+MPAz3fO4cz5vVhwBZb1ZeSWlldW1/LrhY3Nre0dc3evoaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKY3uJrUm/dMKh6FtzCKmRuQXsh9Tglo1DGP1F1acoANIVXjk7FD4lhGQ/xDQdOOWbTK1lR40diZKaJMtY756XQjmgQsBCqIUm3bisFNiQROBRsXnESxmNAB6bG2tiEJmHLT6TVjfKxJF/uR1C8EPKW/J1ISKDUKPN0ZEOir+doE/ldrJ+BfuCkP4wRYSGeL/ERgiPAkGtzlklEQI20IlVz/FdM+kYSCDrCgQ7DnT140jUrZPitXbk6L1cssjjw6QIeohGx0jqroGtVQHVH0gJ7QC3o1Ho1n4814n7XmjGxmH/2R8fENh6ycfQ==</latexit>

s(s) ⇡ s(t)

PERTURBATIONS: EFFECTIVE DYNAMICS 

[Castelló Gomar, Martín de Blas, Mena Marugán, Olmedo, 17]

• Other quantization prescriptions lead to different effective masses.
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PRIMORDIAL POWER SPECTRUM

• Perturbations are evolved from initial time until the relevant scales 
have all crossed out the horizon. After that the power spectra of the 
comoving curvature perturbation and tensor modes remain frozen.

<latexit sha1_base64="/LtlyvsCdU1JdqsTsvEdjF0ZLvk="></latexit>

PR(k) =
k3

2⇡2

|v~k|
2

z2

����
⌘=⌘end

<latexit sha1_base64="w9Mg2x0VYPvxgCGduyh0oOo/oxw="></latexit>

PT (k) =
32k3

⇡

|µ±
~k
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a2

����
⌘=⌘end

• In standard cosmology ( CDM), the primordial scalar power spectrum 
is nearly scale invariant

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

<latexit sha1_base64="uTq7c3X33FtorHe+gUKjGWUL+N0="></latexit>

PR(k) = As

✓
k

k?

◆ns�1

scalar perturbation amplitude

spectral index (close but small than 1)

pivot scale (Planck:                   )
<latexit sha1_base64="vkmWT5LR9CohV0QWUAZRn7PxbqA=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQPGiYkbgcg168CBHMApkx9HQ6SZOehe4aMYxz8Fe8eFDEq7/hzb+xk8xBEx8UPN6roqqeFwmuwLK+jdzc/MLiUn65sLK6tr5hbm7VVRhLymo0FKFsekQxwQNWAw6CNSPJiO8J1vAGlyO/cc+k4mFwC8OIuT7pBbzLKQEttc0dq2SdOIfYAfYAyXVE07vkyE7bZlEbY+BZYmekiDJU2+aX0wlp7LMAqCBKtWwrAjchEjgVLC04sWIRoQPSYy1NA+Iz5Sbj+1O8r5UO7oZSVwB4rP6eSIiv1ND3dKdPoK+mvZH4n9eKoXvuJjyIYmABnSzqxgJDiEdh4A6XjIIYakKo5PpWTPtEEgo6soIOwZ5+eZbUj0v2aal8Uy5WLrI48mgX7aEDZKMzVEFXqIpqiKJH9Ixe0ZvxZLwY78bHpDVnZDPb6A+Mzx8bVpTo</latexit>

0.05Mpc�1

10/20

<latexit sha1_base64="oIJ/E5xn2yPNGZdmOoK7fzVe4JM=">AAAB+nicbVDLTgIxFL2DL8TXoEs3jcQENzhjiLoxIbphiYk8EpiQTinQ0OlM2o4GRz7FjQuNceuXuPNvLDALBU/S5OSce3Jvjx9xprTjfFuZldW19Y3sZm5re2d3z87vN1QYS0LrJOShbPlYUc4ErWumOW1FkuLA57Tpj26mfvOeSsVCcafHEfUCPBCszwjWRura+eLjFe70Qp10oiGbnFZPunbBKTkzoGXipqQAKWpd+8vkSRxQoQnHSrVdJ9JegqVmhNNJrhMrGmEywgPaNlTggCovmZ0+QcdG6aF+KM0TGs3U34kEB0qNA99MBlgP1aI3Ff/z2rHuX3oJE1GsqSDzRf2YIx2iaQ+oxyQlmo8NwUQycysiQywx0aatnCnBXfzyMmmcldzzUvm2XKhcp3Vk4RCOoAguXEAFqlCDOhB4gGd4hTfryXqx3q2P+WjGSjMH8AfW5w9pMpN2</latexit>

(z = a�̇/H)



LQC OBSERVATIONAL CONSEQUENCES

• In CDM: initial conditions at the onset 
of inflation

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

BD vacuum 

[by courtesy of R.Neves]

It assumes that relevant scales do not feel 
curvature before.
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LQC OBSERVATIONAL CONSEQUENCES

• In LQC: pre-inflationary dynamics          

Some (potentially observable) scales 
experience curvature because of the 
bounce.

[by courtesy of R.Neves]

It assumes that relevant scales do not feel 
curvature before.

11/20

• Observables modes have comoving wave number     in the range  
<latexit sha1_base64="a0dP90qNUNOaym3rZI7Zrm9LDkA=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahQi0zUq3Lohs3QgV7gU4tmTTThmYuJGfEMsyjuPFV3LhQRHf6NKbtLLT1h8DPd87h5PxOKLgC0/wyFhaXlldWM2vZ9Y3Nre3czm5DBZGkrE4DEciWQxQT3Gd14CBYK5SMeI5gTWd4Oa4375lUPPBvYRSyjkf6Pnc5JaBRN1exFfdwwTLv4uNygu0itoE9QHwd0kQjKymapdN5etTN5c2SORGeN1Zq8ihVrZv7tHsBjTzmAxVEqbZlhtCJiQROBUuydqRYSOiQ9FlbW594THXiyYEJPtSkh91A6ucDntDfEzHxlBp5ju70CAzUbG0M/6u1I3DPOzH3wwiYT6eL3EhgCPA4LdzjklEQI20IlVz/FdMBkYSCzjSrQ7BmT543jZOSdVYq35Tz1Ys0jgzaRweogCxUQVV0hWqojih6RM/oFb0ZT8aL8W58TFsXjHRmD/2R8f0DANqhEQ==</latexit>

⇠ (10�4 Mpc�1, 0.5Mpc�1)

<latexit sha1_base64="46A/fGvrmwI4lz98cQ+hBoLmW7Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15kWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1M+M9g==</latexit>

k

• In CDM: initial conditions at the onset 
of inflation

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

BD vacuum 



LQC OBSERVATIONAL CONSEQUENCES

12/20

• While the LQC corrections to the background geometry are significant 
in the UV, their effect on cosmological perturbations is non-negligible 
only in the IR.

Cosmic tango between the very small and the very large

[Ashtekar, Gupt, Sreenath, 21]

• Does LQC alleviate current CDM anomalies?:  
   power suppression at large angular scales, dipolar asymmetry,  
   tension in the lensing amplitude, preference for odd parity multipoles…

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

[Agulló, Kranas, Sreenath,20][Ashtekar, Gupt, Sreenath,21]



• The predictions obtained from this LQC framework depend mainly on
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The choice of initial conditions for the background
(number of e-folds from the bounce to the onset of inflation)

This fixes the scales                for which the LQC corrections are relevant, 
and whether they are observable or not.         usually fixed to get agreement 
with CDM and with observations at small angular scales.        

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

The choice of initial conditions for the perturbations (Fock vacuum)

<latexit sha1_base64="/qqdydLSHfowPLfgIgi2TkosmGQ=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSSGtu6K3bhw0YJ9QBvKZDpph04ezEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEM6ks68NYW9/Y3Nou7BR39/YPDktHxx0Zp4LQNol5LHo+lpSziLYVU5z2EkFx6HPa9aeN3O/eUyFZHN2pWUK9EI8jFjCClZa602F222rMh6WyZV7VKo5bQZZpWVXbsXPiVN1LF9layVGGFZrD0vtgFJM0pJEiHEvZt61EeRkWihFO58VBKmmCyRSPaV/TCIdUetni3Dk618oIBbHQFSm0UL9PZDiUchb6ujPEaiJ/e7n4l9dPVVDzMhYlqaIRWS4KUo5UjPLf0YgJShSfaYKJYPpWRCZYYKJ0QkUdwten6H/ScUy7Yrott1y/XsVRgFM4gwuwoQp1uIEmtIHAFB7gCZ6NxHg0XozXZeuasZo5gR8w3j4BdrGPrQ==</latexit>

kLQC

<latexit sha1_base64="c6p6ChCt+E+Acym3nJAMtllWAHw=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELh48QCKPBDZkduiFCbMPZmZJyIbv8OJBY7z6Md78GwfYg4KVdFKp6k53lxcLrrRtf1u5jc2t7Z38bmFv/+DwqHh80lRRIhk2WCQi2faoQsFDbGiuBbZjiTTwBLa8UXXutyYoFY/CJz2N0Q3oIOQ+Z1QbyR11BY7JqJc+1quzXrFkl+0FyDpxMlKCDLVe8avbj1gSYKiZoEp1HDvWbkql5kzgrNBNFMaUjegAO4aGNEDlpoujZ+TCKH3iR9JUqMlC/T2R0kCpaeCZzoDqoVr15uJ/XifR/p2b8jBONIZsuchPBNERmSdA+lwi02JqCGWSm1sJG1JJmTY5FUwIzurL66R5VXZuytf161LlPosjD2dwDpfgwC1U4AFq0AAGY3iGV3izJtaL9W59LFtzVjZzCn9gff4AT+WR0A==</latexit>

k  kLQC

PRIMORDIAL POWER SPECTRUM IN LQC



• The predictions obtained from this LQC framework depend mainly on

13/20

The choice of initial conditions for the background
(number of e-folds from the bounce to the onset of inflation)

The choice of initial conditions for the perturbations (Fock vacuum)

Modified PPS:

<latexit sha1_base64="XnC60rzIezjbzZ/JqhAm3lzOFM8="></latexit>

PLQC
R (k) = f(k)As

✓
k

k?

◆ns�1
<latexit sha1_base64="0wiENS4i4WUI4dDS/9URMN2YNDA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSxCvZREigpeil48VrAf0ISy2W7apZtN3N0opfanePGgiFd/iTf/jds2B219MPB4b4aZeUHCmdKO823lVlbX1jfym4Wt7Z3dPbu431RxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLye+q0HKhWLxZ0eJdSPcF+wkBGsjdS1i5fefYp7KCwPTzzFIuR27ZJTcWZAy8TNSAky1Lv2l9eLSRpRoQnHSnVcJ9H+GEvNCKeTgpcqmmAyxH3aMVTgiCp/PDt9go6NYrbH0pTQaKb+nhjjSKlRFJjOCOuBWvSm4n9eJ9XhhT9mIkk1FWS+KEw50jGa5oB6TFKi+cgQTCQztyIywBITbdIqmBDcxZeXSfO04p5VqrfVUu0qiyMPh3AEZXDhHGpwA3VoAIFHeIZXeLOerBfr3fqYt+asbOYA/sD6/AF1yJLY</latexit>

; f(k) ⇠ 1 for
<latexit sha1_base64="wa3gZNm6kMGgjEpKTeQvsRbU5CM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcp9uLBQwv2A9tQNttNu2SzCbsboYT+Cy8eFPHqv/Hmv3HT5qCtDwYe780wM8+LOVPatr+twtr6xuZWcbu0s7u3f1A+POqoKJGEtknEI9nzsKKcCdrWTHPaiyXFocdp1wsamd99olKxSDzoaUzdEI8F8xnB2kiPwQ0Khul9qzEblit21Z4DrRInJxXI0RyWvwajiCQhFZpwrFTfsWPtplhqRjidlQaJojEmAR7TvqECh1S56fziGTozygj5kTQlNJqrvydSHCo1DT3TGWI9UcteJv7n9RPtX7spE3GiqSCLRX7CkY5Q9j4aMUmJ5lNDMJHM3IrIBEtMtAmpZEJwll9eJZ2LqnNZrbVqlfptHkcRTuAUzsGBK6jDHTShDQQEPMMrvFnKerHerY9Fa8HKZ47hD6zPH7y+kFI=</latexit>

k > kLQC

PRIMORDIAL POWER SPECTRUM IN LQC

This fixes the scales                for which the LQC corrections are relevant, 
and whether they are observable or not.         usually fixed to get agreement 
with CDM and with observations at small angular scales.        

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

<latexit sha1_base64="/qqdydLSHfowPLfgIgi2TkosmGQ=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSSGtu6K3bhw0YJ9QBvKZDpph04ezEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEM6ks68NYW9/Y3Nou7BR39/YPDktHxx0Zp4LQNol5LHo+lpSziLYVU5z2EkFx6HPa9aeN3O/eUyFZHN2pWUK9EI8jFjCClZa602F222rMh6WyZV7VKo5bQZZpWVXbsXPiVN1LF9layVGGFZrD0vtgFJM0pJEiHEvZt61EeRkWihFO58VBKmmCyRSPaV/TCIdUetni3Dk618oIBbHQFSm0UL9PZDiUchb6ujPEaiJ/e7n4l9dPVVDzMhYlqaIRWS4KUo5UjPLf0YgJShSfaYKJYPpWRCZYYKJ0QkUdwten6H/ScUy7Yrott1y/XsVRgFM4gwuwoQp1uIEmtIHAFB7gCZ6NxHg0XozXZeuasZo5gR8w3j4BdrGPrQ==</latexit>

kLQC

<latexit sha1_base64="c6p6ChCt+E+Acym3nJAMtllWAHw=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELh48QCKPBDZkduiFCbMPZmZJyIbv8OJBY7z6Md78GwfYg4KVdFKp6k53lxcLrrRtf1u5jc2t7Z38bmFv/+DwqHh80lRRIhk2WCQi2faoQsFDbGiuBbZjiTTwBLa8UXXutyYoFY/CJz2N0Q3oIOQ+Z1QbyR11BY7JqJc+1quzXrFkl+0FyDpxMlKCDLVe8avbj1gSYKiZoEp1HDvWbkql5kzgrNBNFMaUjegAO4aGNEDlpoujZ+TCKH3iR9JUqMlC/T2R0kCpaeCZzoDqoVr15uJ/XifR/p2b8jBONIZsuchPBNERmSdA+lwi02JqCGWSm1sJG1JJmTY5FUwIzurL66R5VXZuytf161LlPosjD2dwDpfgwC1U4AFq0AAGY3iGV3izJtaL9W59LFtzVjZzCn9gff4AT+WR0A==</latexit>

k  kLQC



VACUUM PROPOSALS IN LQC

• When do we set initial conditions?

• Several different proposals for the vacuum of the perturbations (some):

[Agulló, Ashtekar, Nelson, 13] 4-th order adiabatic state 

[Ashtekar, Gupt, 17]
Vacuum motivated by quantum version of the 
Weyl curvature hypothesis (QHIH)

[Olmedo, Martín de Blas, 16] 
[Elizaga de Navascués, Mena-Marugán, Prado, 21]

Non-oscillating vacuum 

[Neves, Martín-Benito, Olmedo, 21] States of Low Energy 
14/20

- Well before the bounce when all scales of interest are adiabatic?
[Agulló, Kranas, Sreenath,20]

- At the bounce? [Ashtekar, Gupt, Jeong  Sreenath,20][Olmedo, Martín de Blas, 16]



STATES OF LOW ENERGY IN LQC
[Neves, Martín-Benito, Olmedo,21]

• SLEs are Hadamard states that minimize the smeared energy density 
along                                                  

<latexit sha1_base64="s98vLt1LcFT+dycYyBdD5zYzOXk=">AAACCHicbVC7TsMwFHXKq5RXgZEBiwqpXaoEVcBY0YWxIPqQmlI5rtNadZzIvkGKoo4s/AoLAwix8gls/A3uY4CWI9k6Oude3XuPFwmuwba/rczK6tr6RnYzt7W9s7uX3z9o6jBWlDVoKELV9ohmgkvWAA6CtSPFSOAJ1vJGtYnfemBK81DeQRKxbkAGkvucEjBSL3/sF6Hkcolr9+b3IenZxdQNCAw9D9+OS718wS7bU+Bl4sxJAc1R7+W/3H5I44BJoIJo3XHsCLopUcCpYOOcG2sWEToiA9YxVJKA6W46PWSMT43Sx36ozJOAp+rvjpQEWieBZyonK+pFbyL+53Vi8C+7KZdRDEzS2SA/FhhCPEkF97liFERiCKGKm10xHRJFKJjsciYEZ/HkZdI8Kzvn5cpNpVC9mseRRUfoBBWRgy5QFV2jOmogih7RM3pFb9aT9WK9Wx+z0ow17zlEf2B9/gDkDJij</latexit>

f(t) 2 C1
0 (R) [Olbermann,07]

15/20

[Banarjee, Niedermaier,20]

<latexit sha1_base64="0HN1Js2ynMMByscTY6h7vvcfMPQ="></latexit>

E(Tk) =
1

2

Z
f(t)

⇣
|Ṫk|2 + !2

k|Tk|2
⌘

<latexit sha1_base64="suis7eMjjXVvdlH1n/ZyWd17U6o="></latexit>

Tk =
vk

a
, T̈k + 3H(t)Ṫk + !

2
Tk = 0<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k



STATES OF LOW ENERGY IN LQC
[Neves, Martín-Benito, Olmedo,21]

• SLEs are Hadamard states that minimize the smeared energy density 
along                                                  

<latexit sha1_base64="s98vLt1LcFT+dycYyBdD5zYzOXk=">AAACCHicbVC7TsMwFHXKq5RXgZEBiwqpXaoEVcBY0YWxIPqQmlI5rtNadZzIvkGKoo4s/AoLAwix8gls/A3uY4CWI9k6Oude3XuPFwmuwba/rczK6tr6RnYzt7W9s7uX3z9o6jBWlDVoKELV9ohmgkvWAA6CtSPFSOAJ1vJGtYnfemBK81DeQRKxbkAGkvucEjBSL3/sF6Hkcolr9+b3IenZxdQNCAw9D9+OS718wS7bU+Bl4sxJAc1R7+W/3H5I44BJoIJo3XHsCLopUcCpYOOcG2sWEToiA9YxVJKA6W46PWSMT43Sx36ozJOAp+rvjpQEWieBZyonK+pFbyL+53Vi8C+7KZdRDEzS2SA/FhhCPEkF97liFERiCKGKm10xHRJFKJjsciYEZ/HkZdI8Kzvn5cpNpVC9mseRRUfoBBWRgy5QFV2jOmogih7RM3pFb9aT9WK9Wx+z0ow17zlEf2B9/gDkDJij</latexit>

f(t) 2 C1
0 (R)

• For functions with support starting at <latexit sha1_base64="xJXsYLWMOwfx3XNhTnol40ZAqUk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7Yt+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1Lqu1+1qlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/AIhgjx0=</latexit>⌘i

�i �i+� �f-� �f
0
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(bounce:          )  
<latexit sha1_base64="SosAgTdsXzVBbyopODDD1thHV5k=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6CGSxHzBgqUvJ1oTqNA8lYwup36rSeujVDxA44T7kd0EItQMIpWanY50mu3V664VXcGsky8nFQgR71X/ur2FUsjHiOT1JiO5yboZ1SjYJJPSt3U8ISyER3wjqUxjbjxs9m1E3JilT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoyfZ30heYM5dgSyrSwtxI2pJoytAGVbAje4svLpHlW9S6q5/fnldpNHkcRjuAYTsGDS6jBHdShAQwe4Rle4c1Rzovz7nzMWwtOPnMIf+B8/gD+Q47C</latexit>

⌘ = 0

<latexit sha1_base64="O+Tb3SUNlpm1LPSU2sGrmh1HRpI=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMCit40S+V3ao7B1klXk7KkKPRL331BjFLFY+QSWpM13MT9DOqUTDJp8VeanhC2ZgOedfSiCpu/Gx+65ScW2VAwljbipDM1d8TGVXGTFRgOxXFkVn2ZuJ/XjfF8MbPRJSkyCO2WBSmkmBMZo+TgdCcoZxYQpkW9lbCRlRThjaeog3BW355lbQuq95VtfZQK9dv8zgKcApnUAEPrqEO99CAJjAYwTO8wpujnBfn3flYtK45+cwJ/IHz+QNpOY3W</latexit>

f(t)

[Olbermann,07]

15/20

[Banarjee, Niedermaier,20]

<latexit sha1_base64="/qqdydLSHfowPLfgIgi2TkosmGQ=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSSGtu6K3bhw0YJ9QBvKZDpph04ezEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEM6ks68NYW9/Y3Nou7BR39/YPDktHxx0Zp4LQNol5LHo+lpSziLYVU5z2EkFx6HPa9aeN3O/eUyFZHN2pWUK9EI8jFjCClZa602F222rMh6WyZV7VKo5bQZZpWVXbsXPiVN1LF9layVGGFZrD0vtgFJM0pJEiHEvZt61EeRkWihFO58VBKmmCyRSPaV/TCIdUetni3Dk618oIBbHQFSm0UL9PZDiUchb6ujPEaiJ/e7n4l9dPVVDzMhYlqaIRWS4KUo5UjPLf0YgJShSfaYKJYPpWRCZYYKJ0QkUdwten6H/ScUy7Yrott1y/XsVRgFM4gwuwoQp1uIEmtIHAFB7gCZ6NxHg0XozXZeuasZo5gR8w3j4BdrGPrQ==</latexit>

kLQC



STATES OF LOW ENERGY IN LQC
[Neves, Martín-Benito, Olmedo,21]

• SLEs are Hadamard states that minimize the smeared energy density 
along                                                  

<latexit sha1_base64="s98vLt1LcFT+dycYyBdD5zYzOXk=">AAACCHicbVC7TsMwFHXKq5RXgZEBiwqpXaoEVcBY0YWxIPqQmlI5rtNadZzIvkGKoo4s/AoLAwix8gls/A3uY4CWI9k6Oude3XuPFwmuwba/rczK6tr6RnYzt7W9s7uX3z9o6jBWlDVoKELV9ohmgkvWAA6CtSPFSOAJ1vJGtYnfemBK81DeQRKxbkAGkvucEjBSL3/sF6Hkcolr9+b3IenZxdQNCAw9D9+OS718wS7bU+Bl4sxJAc1R7+W/3H5I44BJoIJo3XHsCLopUcCpYOOcG2sWEToiA9YxVJKA6W46PWSMT43Sx36ozJOAp+rvjpQEWieBZyonK+pFbyL+53Vi8C+7KZdRDEzS2SA/FhhCPEkF97liFERiCKGKm10xHRJFKJjsciYEZ/HkZdI8Kzvn5cpNpVC9mseRRUfoBBWRgy5QFV2jOmogih7RM3pFb9aT9WK9Wx+z0ow17zlEf2B9/gDkDJij</latexit>

f(t) 2 C1
0 (R)

• For functions with support starting at <latexit sha1_base64="xJXsYLWMOwfx3XNhTnol40ZAqUk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7Yt+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1Lqu1+1qlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/AIhgjx0=</latexit>⌘i
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0

1

(bounce:          )  
<latexit sha1_base64="SosAgTdsXzVBbyopODDD1thHV5k=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6CGSxHzBgqUvJ1oTqNA8lYwup36rSeujVDxA44T7kd0EItQMIpWanY50mu3V664VXcGsky8nFQgR71X/ur2FUsjHiOT1JiO5yboZ1SjYJJPSt3U8ISyER3wjqUxjbjxs9m1E3JilT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoyfZ30heYM5dgSyrSwtxI2pJoytAGVbAje4svLpHlW9S6q5/fnldpNHkcRjuAYTsGDS6jBHdShAQwe4Rle4c1Rzovz7nzMWwtOPnMIf+B8/gD+Q47C</latexit>

⌘ = 0

<latexit sha1_base64="O+Tb3SUNlpm1LPSU2sGrmh1HRpI=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpYh4EwVK3kk0pyqQvB2M72Z++4lrI+LoEScJ9xUdRiIUjOJMCit40S+V3ao7B1klXk7KkKPRL331BjFLFY+QSWpM13MT9DOqUTDJp8VeanhC2ZgOedfSiCpu/Gx+65ScW2VAwljbipDM1d8TGVXGTFRgOxXFkVn2ZuJ/XjfF8MbPRJSkyCO2WBSmkmBMZo+TgdCcoZxYQpkW9lbCRlRThjaeog3BW355lbQuq95VtfZQK9dv8zgKcApnUAEPrqEO99CAJjAYwTO8wpujnBfn3flYtK45+cwJ/IHz+QNpOY3W</latexit>

f(t)

[Olbermann,07]

15/20

[Banarjee, Niedermaier,20]

similar to 2nd-order adiabatic vacuum

similar to non-oscillatory vacuum

<latexit sha1_base64="/qqdydLSHfowPLfgIgi2TkosmGQ=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchSSGtu6K3bhw0YJ9QBvKZDpph04ezEyEEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/yEM6ks68NYW9/Y3Nou7BR39/YPDktHxx0Zp4LQNol5LHo+lpSziLYVU5z2EkFx6HPa9aeN3O/eUyFZHN2pWUK9EI8jFjCClZa602F222rMh6WyZV7VKo5bQZZpWVXbsXPiVN1LF9layVGGFZrD0vtgFJM0pJEiHEvZt61EeRkWihFO58VBKmmCyRSPaV/TCIdUetni3Dk618oIBbHQFSm0UL9PZDiUchb6ujPEaiJ/e7n4l9dPVVDzMhYlqaIRWS4KUo5UjPLf0YgJShSfaYKJYPpWRCZYYKJ0QkUdwten6H/ScUy7Yrott1y/XsVRgFM4gwuwoQp1uIEmtIHAFB7gCZ6NxHg0XozXZeuasZo5gR8w3j4BdrGPrQ==</latexit>

kLQC



LQC PREDICTIONS

• Bayesian posterior to cosmological parameters from experimental data 
using MCMC codes (CosmoMC, Monte Phyton).

• Previous vacuum proposals made within LQC got tension alleviation:

[Ashtekar, Gupt, Sreenath,21]
16/20

power suppression at large angular scales is not anomalous  
lensing amplitude compatible with 1 
preference for odd parity multipoles 
dipolar asymmetry [Agulló, Kranas, Sreenath,20]

Non-Gaussianities due to correlations between IR modes induce 
monopolar and dipolar modulation of angular PS at large angular scales  

[Ashtekar, Gupt, Jeong  Sreenath,20]

[Agulló, Bolliet, Sreenath,18]

- 0th-order adiabatic vacuum well before the bounce.

Ashtekar-Gupt vacuum          PPS with power suppression       
<latexit sha1_base64="Q/vjUiJx9G0pdoS+yI9uvxyNtCA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXUxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg9X3btuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns1Mn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/6adCxQlyxeaL+okkGJHp36QnNGcox5ZQpoW9lbAh1ZShTadgQ/AWX14mjbOyd16u3FdK1essjjwcwTGcggcXUIVbqEEdGAzgGV7hzZHOi/PufMxbc042cwh/4Hz+AOOxjY0=</latexit>

ALpower suppression at large angular scales and       compatible with 1



NON-OSCILLATORY VACUUM

[Neves, Martín-Benito, Olmedo, w.i.p.]
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<latexit sha1_base64="XnC60rzIezjbzZ/JqhAm3lzOFM8="></latexit>
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<latexit sha1_base64="XIp4mtVqfeDVOp5VFnldYQiorqs=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDC0JqoCxgoWxSPQhNWnkOE5rxXnIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50dM699r3HTRgV0jC+tNLS8srqWnm9srG5tb2j7+51RZxyTDo4ZjHvu0gQRiPSkVQy0k84QaHLSM8Nrqd+755wQePoTk4SYodoFFGfYiSV5OiHlqAhNOtkmNVrwWng4JNhZjH1gIccnOeOXjUaxgzwLzELUgUF2o7+aXkxTkMSScyQEAPTSKSdIS4pZiSvWKkgCcIBGpGBohEKibCz2SE5PFaKB/2Yq4oknKk/JzIUCjEJXdUZIjkWi95U/M8bpNK/tDMaJakkEZ5/5KcMyhhOU4Ee5QRLNlEEYU7VrhCPEUdYquwqKgRz8eS/pHvWMM8bzdtmtXVVxFEGB+AI1IAJLkAL3IA26AAMHsATeAGv2qP2rL1p7/PWklbM7INf0D6+AT6amOI=</latexit>

⇠ 1� e�(k/kc)
�c

<latexit sha1_base64="cmgrAzpbRa9sQTDbeFAZcj8zKK4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUXFVcOOygn1AO5RMmmlDk8w0yRTK0O9w40IRt36MO//GTDsLbT1wuYdz7iU3J4g508Z1v53CxubW9k5xt7S3f3B4VD4+aekoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjO8zvz2lSrNIPplZTH2Bh5KFjGBjJX/cJz3NBHKrruv1y5WsZ0DrxMtJBXI0+uWv3iAiiaDSEI617npubPwUK8MIp/NSL9E0xmSMh7RrqcSCaj9dHD1HF1YZoDBStqRBC/X3RoqF1jMR2EmBzUivepn4n9dNTHjrp0zGiaGSLB8KE45MhLIE0IApSgyfWYKJYvZWREZYYWJsTiUbgrf65XXSuqp619XaY61Sv8vjKMIZnMMleHADdXiABjSBwASe4RXenKnz4rw7H8vRgpPvnMIfOJ8/6TKQ3g==</latexit>

kc ⇠ 0.001
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• PPS: 

[Olmedo, Martín de Blas, 16]  [Elizaga de Navascués, Mena-Marugán, Prado, 21]

• Do other vacua lead to similar results? E.g: Non-oscillating vacuum

<latexit sha1_base64="NDqVqp9ra7X5ZVCZW+n78seBFKs=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5JoUY9FLx4rWFtoQthsNu3SzSbsbgol9J948aCIV/+JN/+N2zYHbR1YGGbm8d5OmHGmtON8W5W19Y3Nrep2bWd3b//APjx6UmkuCe2QlKeyF2JFORO0o5nmtJdJipOQ0244upv53TGViqXiUU8y6id4IFjMCNZGCmzb4yYc4YAgT7EEXQZ23Wk4c6BV4pakDiXagf3lRSnJEyo04Vipvutk2i+w1IxwOq15uaIZJiM8oH1DBU6o8ov55VN0ZpQIxak0T2g0V39PFDhRapKEJplgPVTL3kz8z+vnOr7xCyayXFNBFovinCOdolkNKGKSEs0nhmAimbkVkSGWmGhTVs2U4C5/eZU8XTTcq0bzoVlv3ZZ1VOEETuEcXLiGFtxDGzpAYAzP8ApvVmG9WO/WxyJascqZY/gD6/MHe+CS6w==</latexit>

�c ⇠ 3

<latexit sha1_base64="Bb8iW7WSm/rkUEeEVm17TSGu7Ck=">AAACAHicbVDLSgNBEJyNrxhfqx48eBkMQoQYdiWox6AXL0IE84DsGmYnk2TI7IOZXjEse/FXvHhQxKuf4c2/cZLsQaMFDUVVN91dXiS4Asv6MnILi0vLK/nVwtr6xuaWub3TVGEsKWvQUISy7RHFBA9YAzgI1o4kI74nWMsbXU781j2TiofBLYwj5vpkEPA+pwS01DX3Rk7ZKeOSA+wBkuuIpnfJsZ0edc2iVbGmwH+JnZEiylDvmp9OL6SxzwKggijVsa0I3IRI4FSwtODEikWEjsiAdTQNiM+Um0wfSPGhVnq4H0pdAeCp+nMiIb5SY9/TnT6BoZr3JuJ/XieG/rmb8CCKgQV0tqgfCwwhnqSBe1wyCmKsCaGS61sxHRJJKOjMCjoEe/7lv6R5UrFPK9WbarF2kcWRR/voAJWQjc5QDV2hOmogilL0hF7Qq/FoPBtvxvusNWdkM7voF4yPbxMvlXM=</latexit>

k (Mpc�1)

<latexit sha1_base64="ojV/0sW9aDo1H0IXvhq4pVusGE0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbtkswm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTR3czvPHFtRKIecZJyP6YjJULBKFqpEw36BqkeVGtu3Z2DrBKvIDUo0BxUv/rDhGUxV8gkNabnuSn6OdUomOTTSj8zPKUsoiPes1TRmBs/n587JWdWGZIw0bYUkrn6eyKnsTGTOLCdMcWxWfZm4n9eL8Pwxs+FSjPkii0WhZkkmJDZ72QoNGcoJ5ZQpoW9lbAx1ZShTahiQ/CWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYBDBM7zCm5M6L86787FoLTnFzDH8gfP5A3T3j6k=</latexit>

k?

• Same UV expansion than SLEs          Hadamard state 

<latexit sha1_base64="nlBq++U+DN9rUH69JYggl64FGJ4=">AAAB63icdVDLSsNAFJ3UV62vqks3g0Wom5DE0NZd0Y3LCvYBbSiT6aQdOjMJMxOhhP6CGxeKuPWH3Pk3TtoKKnrgwuGce7n3njBhVGnH+bAKa+sbm1vF7dLO7t7+QfnwqKPiVGLSxjGLZS9EijAqSFtTzUgvkQTxkJFuOL3O/e49kYrG4k7PEhJwNBY0ohjpXIqq0/NhueLYl42a59egYztO3fXcnHh1/8KHrlFyVMAKrWH5fTCKccqJ0Jghpfquk+ggQ1JTzMi8NEgVSRCeojHpGyoQJyrIFrfO4ZlRRjCKpSmh4UL9PpEhrtSMh6aTIz1Rv71c/MvrpzpqBBkVSaqJwMtFUcqgjmH+OBxRSbBmM0MQltTcCvEESYS1iadkQvj6FP5POp7t1mz/1q80r1ZxFMEJOAVV4II6aIIb0AJtgMEEPIAn8Gxx69F6sV6XrQVrNXMMfsB6+wS7m44P</latexit>

f(k)



NON-OSCILLATORY VACUUM

[Neves, Martín-Benito, Olmedo, w.i.p.]

0.001 0.005 0.010

0.1

0.2

0.5

1
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<latexit sha1_base64="XIp4mtVqfeDVOp5VFnldYQiorqs=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDC0JqoCxgoWxSPQhNWnkOE5rxXnIdpCqKCMLv8LCAEKsfAIbf4PbZoDCka50dM699r3HTRgV0jC+tNLS8srqWnm9srG5tb2j7+51RZxyTDo4ZjHvu0gQRiPSkVQy0k84QaHLSM8Nrqd+755wQePoTk4SYodoFFGfYiSV5OiHlqAhNOtkmNVrwWng4JNhZjH1gIccnOeOXjUaxgzwLzELUgUF2o7+aXkxTkMSScyQEAPTSKSdIS4pZiSvWKkgCcIBGpGBohEKibCz2SE5PFaKB/2Yq4oknKk/JzIUCjEJXdUZIjkWi95U/M8bpNK/tDMaJakkEZ5/5KcMyhhOU4Ee5QRLNlEEYU7VrhCPEUdYquwqKgRz8eS/pHvWMM8bzdtmtXVVxFEGB+AI1IAJLkAL3IA26AAMHsATeAGv2qP2rL1p7/PWklbM7INf0D6+AT6amOI=</latexit>
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�c

<latexit sha1_base64="VM35fN/vHuSsJ6j7jh/LQvb6REA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KrpYqnghePFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOx7czv/1ElWaxfDCThAYCDyWLGMHGSo+4p5lAvnvZL1c815sDrRI/JxXI0eiXv3qDmKSCSkM41rrre4kJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RD85ZdXSevC9Wtu9b5aqd/kcRThBE7hHHy4gjrcQQOaQEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AYRRj40=</latexit>

a ⇠ 1.3

<latexit sha1_base64="cmgrAzpbRa9sQTDbeFAZcj8zKK4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUXFVcOOygn1AO5RMmmlDk8w0yRTK0O9w40IRt36MO//GTDsLbT1wuYdz7iU3J4g508Z1v53CxubW9k5xt7S3f3B4VD4+aekoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjO8zvz2lSrNIPplZTH2Bh5KFjGBjJX/cJz3NBHKrruv1y5WsZ0DrxMtJBXI0+uWv3iAiiaDSEI617npubPwUK8MIp/NSL9E0xmSMh7RrqcSCaj9dHD1HF1YZoDBStqRBC/X3RoqF1jMR2EmBzUivepn4n9dNTHjrp0zGiaGSLB8KE45MhLIE0IApSgyfWYKJYvZWREZYYWJsTiUbgrf65XXSuqp619XaY61Sv8vjKMIZnMMleHADdXiABjSBwASe4RXenKnz4rw7H8vRgpPvnMIfOJ8/6TKQ3g==</latexit>

kc ⇠ 0.001
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• Same UV expansion than SLEs          Hadamard state 

• PPS: 

[Olmedo, Martín de Blas, 16]  [Elizaga de Navascués, Mena-Marugán, Prado, 21]

• Do other vacua lead to similar results? E.g: Non-oscillating vacuum

<latexit sha1_base64="NDqVqp9ra7X5ZVCZW+n78seBFKs=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5JoUY9FLx4rWFtoQthsNu3SzSbsbgol9J948aCIV/+JN/+N2zYHbR1YGGbm8d5OmHGmtON8W5W19Y3Nrep2bWd3b//APjx6UmkuCe2QlKeyF2JFORO0o5nmtJdJipOQ0244upv53TGViqXiUU8y6id4IFjMCNZGCmzb4yYc4YAgT7EEXQZ23Wk4c6BV4pakDiXagf3lRSnJEyo04Vipvutk2i+w1IxwOq15uaIZJiM8oH1DBU6o8ov55VN0ZpQIxak0T2g0V39PFDhRapKEJplgPVTL3kz8z+vnOr7xCyayXFNBFovinCOdolkNKGKSEs0nhmAimbkVkSGWmGhTVs2U4C5/eZU8XTTcq0bzoVlv3ZZ1VOEETuEcXLiGFtxDGzpAYAzP8ApvVmG9WO/WxyJascqZY/gD6/MHe+CS6w==</latexit>

�c ⇠ 3

<latexit sha1_base64="U7Fo7yW+2ZasgGEj5V/B0n1qBo4="></latexit>
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<latexit sha1_base64="nlBq++U+DN9rUH69JYggl64FGJ4=">AAAB63icdVDLSsNAFJ3UV62vqks3g0Wom5DE0NZd0Y3LCvYBbSiT6aQdOjMJMxOhhP6CGxeKuPWH3Pk3TtoKKnrgwuGce7n3njBhVGnH+bAKa+sbm1vF7dLO7t7+QfnwqKPiVGLSxjGLZS9EijAqSFtTzUgvkQTxkJFuOL3O/e49kYrG4k7PEhJwNBY0ohjpXIqq0/NhueLYl42a59egYztO3fXcnHh1/8KHrlFyVMAKrWH5fTCKccqJ0Jghpfquk+ggQ1JTzMi8NEgVSRCeojHpGyoQJyrIFrfO4ZlRRjCKpSmh4UL9PpEhrtSMh6aTIz1Rv71c/MvrpzpqBBkVSaqJwMtFUcqgjmH+OBxRSbBmM0MQltTcCvEESYS1iadkQvj6FP5POp7t1mz/1q80r1ZxFMEJOAVV4II6aIIb0AJtgMEEPIAn8Gxx69F6sV6XrQVrNXMMfsB6+wS7m44P</latexit>

f(k)

<latexit sha1_base64="ojV/0sW9aDo1H0IXvhq4pVusGE0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbtkswm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTR3czvPHFtRKIecZJyP6YjJULBKFqpEw36BqkeVGtu3Z2DrBKvIDUo0BxUv/rDhGUxV8gkNabnuSn6OdUomOTTSj8zPKUsoiPes1TRmBs/n587JWdWGZIw0bYUkrn6eyKnsTGTOLCdMcWxWfZm4n9eL8Pwxs+FSjPkii0WhZkkmJDZ72QoNGcoJ5ZQpoW9lbAx1ZShTahiQ/CWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYBDBM7zCm5M6L86787FoLTnFzDH8gfP5A3T3j6k=</latexit>

k?

<latexit sha1_base64="Bb8iW7WSm/rkUEeEVm17TSGu7Ck=">AAACAHicbVDLSgNBEJyNrxhfqx48eBkMQoQYdiWox6AXL0IE84DsGmYnk2TI7IOZXjEse/FXvHhQxKuf4c2/cZLsQaMFDUVVN91dXiS4Asv6MnILi0vLK/nVwtr6xuaWub3TVGEsKWvQUISy7RHFBA9YAzgI1o4kI74nWMsbXU781j2TiofBLYwj5vpkEPA+pwS01DX3Rk7ZKeOSA+wBkuuIpnfJsZ0edc2iVbGmwH+JnZEiylDvmp9OL6SxzwKggijVsa0I3IRI4FSwtODEikWEjsiAdTQNiM+Um0wfSPGhVnq4H0pdAeCp+nMiIb5SY9/TnT6BoZr3JuJ/XieG/rmb8CCKgQV0tqgfCwwhnqSBe1wyCmKsCaGS61sxHRJJKOjMCjoEe/7lv6R5UrFPK9WbarF2kcWRR/voAJWQjc5QDV2hOmogilL0hF7Qq/FoPBtvxvusNWdkM7voF4yPbxMvlXM=</latexit>

k (Mpc�1)



NO-VACUUM: PRELIMINAR PREDICTIONS
[Neves, Martín-Benito, Olmedo, w.i.p.]
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• We confirm tension alleviation regarding power suppression at large 
angular scales, and              within 1    (      

SLEs: Alleviation of Anomalies

• NO-like [PRELIMINARY]

Rita Neves, rneves@ucm.es LOOPS22 19/07/2022

SLEs and Alleviation of Anomalies in LQC 10/12

<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�
<latexit sha1_base64="UhRkso3HtKsg2nYi7g+HwL/DsOY=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtbGwiOAlgeQIe5u9ZMnu3rG7J4Qjv8HGQhFbf5Cd/8ZNcoUmPhh4vDfDzLww4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41QR6pOYx6odYk05k9Q3zHDaThTFIuS0FY5up37riSrNYvloxgkNBB5IFjGCjZX86979ldcrV9yqOwNaJl5OKpCj0St/dfsxSQWVhnCsdcdzExNkWBlGOJ2UuqmmCSYjPKAdSyUWVAfZ7NgJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3md1ESXQcZkkhoqyXxRlHJkYjT9HPWZosTwsSWYKGZvRWSIFSbG5lOyIXiLLy+T5lnVO6/WHmqV+k0eRxGO4BhOwYMLqMMdNMAHAgye4RXeHOm8OO/Ox7y14OQzh/AHzucP1l+ODw==</latexit>

AL = 1     CDM :             at        ) .
<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤
<latexit sha1_base64="xfnUr0z7R3abeVrBxSFEbPNvDu4=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqJVEbSwsInhJIDnC3mYvWbK7d+zuCeHIb7CxUMTWH2Tnv3GTXKGJDwYe780wMy9MONPGdb+dwsrq2vpGcbO0tb2zu1feP2jqOFWE+iTmsWqHWFPOJPUNM5y2E0WxCDlthaPbqd96okqzWD6acUIDgQeSRYxgYyX/und/5fXKFbfqzoCWiZeTCuRo9Mpf3X5MUkGlIRxr3fHcxAQZVoYRTielbqppgskID2jHUokF1UE2O3aCTqzSR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif14nNdFlkDGZpIZKMl8UpRyZGE0/R32mKDF8bAkmitlbERlihYmx+ZRsCN7iy8ukeVb1zqu1h1qlfpPHUYQjOIZT8OAC6nAHDfCBAINneIU3RzovzrvzMW8tOPnMIfyB8/kD1+SOEA==</latexit>

AL > 1
<latexit sha1_base64="uyN+ZNj5jgeTTE39XjdTP6+b2YQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07Irpeqt6MVjBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCx0qPvXvc0GwrcL1c815sDrRI/JxXI0eiXv3qDmKSCSkM41rrre4kJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqiqyBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RD85ZdXSevC9Wtu9b5aqd/kcRThBE7hHHy4hDrcQQOaQEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8Afisj+I=</latexit>

1.9�

• Optical depth       <latexit sha1_base64="jQo2lXqGrRsSOqRpQm9tQi6YNVQ=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkqMeiF48V7Ac0IWy203bp5oPdibSE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSARXaNvfRmljc2t7p7xb2ds/ODwyj6sdFaeSQZvFIpa9gCoQPII2chTQSyTQMBDQDSZ3c7/7BFLxOHrEWQJeSEcRH3JGUUu+WXWRpn7mIkwxk8DjPPfNml23F7DWiVOQGinQ8s0vdxCzNIQImaBK9R07QS+jEjkTkFfcVEFC2YSOoK9pRENQXra4PbfOtTKwhrHUFaG1UH9PZDRUahYGujOkOFar3lz8z+unOLzxMh4lKULElouGqbAwtuZBWAMugaGYaUKZ5PpWi42ppAx1XBUdgrP68jrpXNadq3rjoVFr3hZxlMkpOSMXxCHXpEnuSYu0CSNT8kxeyZuRGy/Gu/GxbC0ZxcwJ+QPj8wcnRZUt</latexit>⌧reio
<latexit sha1_base64="HcgLHH/MFut/aP74LJX8Z4IM5PM=">AAAB7nicbVA9SwNBEJ2NXzF+RS1tFoNgFe4kqGUwjYVFAuYDkiPsbfaS5fb2jt09IRz5ETYWitj6e+z8N26SKzTxwcDjvRlm5vmJ4No4zjcqbGxube8Ud0t7+weHR+Xjk46OU0VZm8YiVj2faCa4ZG3DjWC9RDES+YJ1/bAx97tPTGkey0czTZgXkbHkAafEWKkbDrOHVmM2LFecqrMAXiduTiqQozksfw1GMU0jJg0VROu+6yTGy4gynAo2Kw1SzRJCQzJmfUsliZj2ssW5M3xhlREOYmVLGrxQf09kJNJ6Gvm2MyJmole9ufif109NcOtlXCapYZIuFwWpwCbG89/xiCtGjZhaQqji9lZMJ0QRamxCJRuCu/ryOulcVd3raq1Vq9Tv8jiKcAbncAku3EAd7qEJbaAQwjO8whtK0At6Rx/L1gLKZ07hD9DnDxaij2s=</latexit>

kLQC [Gupt, 17]



OPEN QUESTIONS

• Universal behaviour independent on the choice of vacuum?

• How non-Gaussianities affect the predictions obtained with A-G and N-O 
vacua?

19/20

• Inflationary paradigm supplemented with a pre-inflationary bouncing 
dynamics, or other alternatives:

- Matter bounce / ekpyrosis  [Wilson-Ewing, 13]  [Li, Saini, Singh, 21]

but, is there a way to obtain a PPS compatible with observations just 
from first principles in LQC/LQG?

[more on non-Gaussianities: A. Wang’s talk]

[Relation to Quantum Reduced Loop Gravity, Reduced Phase Space Quantization, 
Group Field Cosmology …]



LQC aims to encode the main quantum gravity effects coming 
from LQG in cosmological settings. 

  

LQC leads to a well-defined pre-inflationary dynamics, and  
therefore offers a framework to extract physical consequences of 
quantum gravity in cosmology. 

We are making efforts trying to extract robust predictions from 
LQC, and determine the role played by our choices of initial 
conditions.

CONCLUSIONS
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