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The model



q A homogeneous and isotropic spacetime 

The model

𝑑𝑠# = −𝑑𝑡# + ℎ)*(𝑡, 𝑥⃗)	𝑑𝑥)𝑑𝑥* ,			𝜑 𝑡, 𝑥⃗	

ℎ)* 𝑡, 𝑥⃗	 ≈ 𝑎# 𝑡 𝛿)* + small	perturbations ,	𝜑 𝑡, 𝑥⃗	 ≈ 𝜑B 𝑡 + small	perturbations
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q The field equations
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The minisuperspace
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The minisuperspace
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The minisuperspace

Ø spacetime
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𝛿𝑆 = 0	
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−𝑎 0
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𝑑𝑠# = −𝑎	𝑑𝑎# + 𝑎\	𝑑𝜑B#
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The minisuperspace

Ø spacetime
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Minisuperspace vs. spacetime

spacetime minisuperspace

𝑥N = (𝑡, 𝑥⃗) 𝑞Y = (𝑎, 𝜑)
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𝑔NT =
−1 0 0
0 𝑎# 0
0 0 ⋱

𝐺YZ =
−𝑎 0 0
0 𝑎\ 0
0 0 ⋱

𝑑𝑠# = −	𝑑𝑡# + 𝑎# 𝑡 	𝑑𝑥⃗# 𝑑𝑠# = −𝑎	𝑑𝑎# + 𝑎\	𝑑𝜑B#

Trajectory	of	a	test	particle

(𝑡 𝜏 , 𝑥⃗ 𝜏 )

Evolution	of	the	universe

(𝑎(𝑡), 𝜑(𝑡))



“Quantum cosmology in the light of 
quantum mechanics”



Quantum cosmology in the light of quantum mechanics

𝑡
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𝑥

𝜑(𝑡, 𝑥)
𝜑(𝑡, 𝑥) #

𝑔NT𝑝N𝑝T + 𝑚# = 0

Momentum
constraint

Under canonical 
quantisation
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Quantum cosmology in the light of quantum mechanics

𝜑 𝑡, 𝑥 = R𝑑𝜇	 𝑒p)qr𝜑q 𝑡 	𝑎sq + 𝑒)qr𝜑q∗ 𝑡 𝑏wpq
u
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𝑎sq, 𝑎sqx
u = 𝛿qqx

|0q⟩
|1q⟩
|2q⟩

⋮ ⋮

𝑏wq, 𝑏wqx
u = 𝛿qqx

𝑎sq
(u), 𝑏wqx

(u) = 0

Pair production

𝜑q(𝑡) =
1
𝑎\𝜔� 𝑒±

)
ℏ	~(�)𝜓(𝑡, 𝑥)

WKB solutions

geodesics

Schrödinger eq.

𝑡

𝑥

𝜑
𝜑(𝑡, 𝑥) #

ℏB

ℏd

I. Garay & RP, 2018

Particle following a 
classical geodesic with

some uncertainty in 
the position



Quantum cosmology in the light of quantum mechanics

𝑎
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𝑎 𝑡 , 𝜑B 𝑡 𝑎

𝜑B

𝜙
𝜙(𝑎, 𝜑B) #

𝐺YZ𝑝Y𝑝Z + 𝑉(𝑞) = 0

Momentum constraint 𝑝Y → −𝑖ℏ
𝜕
𝜕𝑞Y

−ℏ#

−𝐺� 𝜕Y −𝐺� 𝐺YZ𝜕Z 𝜙 + 𝑉(𝑞)𝜙 = 0

Wheeler-De Witt eq.

𝜙(𝑎, 𝜑B) =
𝑒p

)
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𝐶 𝑎, 𝜑B
𝜓(𝑎, 𝜑B; 𝑥q)

WKB Ø Friedman eq.: 𝑎, 𝜑B

Ø Schrödinger eq.: 𝑥q



Quantum cosmology in the light of quantum mechanics

𝜑 𝑎, 𝜑B = R𝑑𝜇	 𝑒p)qab𝜑q 𝑎 	𝑐̂q + 𝑒)qab𝜑q∗ 𝑎 𝑑�pq
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Contracting
universe
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Expanding
universe



Quantum cosmology in the light of quantum mechanics

𝜑 𝑎, 𝜑B = R𝑑𝜇	 𝑒p)qab𝜑q 𝑎 	𝑐̂q + 𝑒)qab𝜑q∗ 𝑎 𝑑�pq
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Expanding
universe 1

Expanding
universe 2
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Ok, but…. 
can we see other universes?



Quantum entanglement

	 | ↑⟩d, | ↓⟩d 	 | ↑⟩#, | ↓⟩#

|𝜓⟩ =
1
2�
| ↑⟩d| ↓⟩# ± | ↓⟩d| ↑⟩#

ummm….



Quantum entanglement

Pump

𝛾#�

𝛾�𝛾� P. A.

𝑎sd, 𝑎sd
u 𝑎s#, 𝑎s#

u

Observer 1 Observer 2

q The parametric amplifier of quantum optics

𝑎sd 𝑡 = 𝑎sd 	cosh 𝜒𝑡 + 𝑎s#
u 	sinh 𝜒𝑡,		𝑎s# 𝑡 = 𝑎s# 	cosh 𝜒𝑡 + 𝑎sd

u 	sinh 𝜒𝑡



Quantum entanglement

Pump
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𝑎sd, 𝑎sd
u 𝑎s#, 𝑎s#
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Observer 1 Observer 2

q The parametric amplifier of quantum optics

𝑎sd 𝑡 = 𝑎sd 	cosh 𝜒𝑡 + 𝑎s#
u 	sinh 𝜒𝑡,		𝑎s# 𝑡 = 𝑎s# 	cosh 𝜒𝑡 + 𝑎sd

u 	sinh 𝜒𝑡
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Initial two mode
vacuum state

Perfectly correlated
number states



Quantum entanglement

q The parametric amplifier of quantum optics

𝜌d = Tr# |𝜓(𝑡)⟩⟨𝜓(𝑡)| =
1
𝑍
�𝑒p

d
� ��d# |𝑛d⟩⟨𝑛d|

�

�

𝑇(𝑡) =
1

log tanhp# 𝜒𝑡

𝜌d = |0d⟩⟨0d|

If entanglement
is present

If no entanglement
is present

observers can infer the existence
of the partner mode from the
observed quasi-thermal state
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The entangled universe

𝑎sd 𝑡 = 𝜇 𝑡 	𝑎sd 	+ 𝜈 𝑡 	𝑎s#
u ,		

𝑎s# 𝑡 = 𝜇 𝑡 	𝑎s# 	+ 𝜈 𝑡 	𝑎sd
u
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𝑇���pd (𝑡) = log
|𝜇|#

|𝜈|#

𝜌d = |0d⟩⟨0d|

If entanglement
is present

If no entanglement
is present

The expansion of 
the universes mixes 
the modes of their

matter fields

Phys. Rev. D 97, 066018, 2018
Cosmological perturbations in the entangled inflationary universe

The choice of one
or the other initial
state would have
consequences in 

the computed
power spectrum of 

the CMB



Entangled and interacting universes
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q Other works and works in progress…



Entangled and interacting universes

q The multiverse is a scientific proposal: testable and 
therefore falseable.

q It may be one of the major revolutionary ideas in 
cosmology since Copernicus

q It opens the door to a new wide variety of cosmic 
phenomena to be explored.


