
Eugenio Bianchi

Institute for Gravitation and the Cosmos, Penn State

based on work in collaboration with:
Lucas Hackl,   Nelson Yokomizo,   Jonathan Guillemon,   Bekir Baytas

Squeezed vacua in loop quantum gravity

International Loop Quantum Gravity Seminar

1



0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

2

Two harmonic oscillators:

a)  Displaced vacuum,  

b)  Squeezed vacuum, 
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Plan:

1) The bosonic representation of loop quantum gravity

2) Squeezed vacua in loop quantum gravity

3) Reconstructing a spacetime: 
    expectation values and long-range correlations
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Bosonic representation of loop quantum gravity:   Part I

1) Graph Hilbert space                                                 .   Consider larger space with same graph.H� = L2(SU(2)L/SU(2)N )

2) Bosonic Hilbert space                                 ,    4L oscillators,    two per end-point of a linkH
boson

= L2(R4L)

  creation and annihilation operators

[aAi , aBj
†] = �ij �

AB

A = 0, 1
i = 1, . . . , 2L

`

i = s(! ) i = t(`)
3) Generators of SU(2) at the endpoint of a link
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4) Bosonic vacuum                                annihilated by all the |⌦0i ⌘
Y

i

|0, 0ii

5) Spin state (at the end-point of a link) |j,mispin =
(a0i

  )j+m

!
(j +m)!

(a1i
  )j�m

!
(j �m)!

|0, 0ii

aAi

J. Schwinger, “On angular momentum” US AEC, 1952

F. Girelli and E. Livine, “Spin Networks as Harmonic Oscillators,” gr-qc/0501075, CQG 2005

https://books.google.com/books?id=LF80BwAAQBAJ&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
http://arxiv.org/abs/gr-qc/0501075
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Bosonic representation of loop quantum gravity:   Part II

6) LQG subspace                                           

J. Schwinger, “On angular momentum” US AEC, 1952

F. Girelli and E. Livine, “Spin Networks as Harmonic Oscillators,” gr-qc/0501075, CQG 2005

H� ⇢ H
boson

    solve area-matching and gauge constraints

~Gn ⌘
X

i2n

~Li ⇡ 0 , G` ⌘ It(`) � Is(`) ⇡ 0

P� ⌘
Y

n

P~Gn

Y

`

PG`
   projector

|si 2 Hboson

|�, si ⌘ P�|si 2 H�

7) States:

8) Vacuum: |⌦0! "
Y

i

|0, 0! i

|�,⌦0i ⌘ P�|⌦0i = |⌦0i

The Ashtekar-Lewandowski vacuum on a graph
coincides with the bosonic vacuum |⌦0i

https://books.google.com/books?id=LF80BwAAQBAJ&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
http://arxiv.org/abs/gr-qc/0501075
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J. Schwinger, “On angular momentum” US AEC, 1952

F. Girelli and E. Livine, “Spin Networks as Harmonic Oscillators,” gr-qc/0501075, CQG 2005

Bosonic representation of loop quantum gravity.   Key role in:

L. Freidel and S. Speziale,   “Twisted geometries: A geometric parametrisation of SU(2) phase space” 1001.2748, PRD 2010
                                       “From twistors to twisted geometries” 1006.0199 PRD (2010)
E. Livine, J. Tambornino     “Spinor Representation for Loop Quantum Gravity” 1105.3385  JMP (2012)
                                      “Holonomy Operator and Quantization Ambiguities on Spinor Space” 1302.7142 PRD (2013)

Classical phase space and the spinor representation

Coherent states and U(N) intertwiners

Spinfoam amplitudes, simplicity and the twistorial formulation

L. Freidel and E. Livine,   “The Fine Structure of SU(2) Intertwiners from U(N) Representations” 0911.3553 JMP (2010)
                                   “U(N) Coherent States for Loop Quantum Gravity”  1005.2090 JMP (2011)
V. Bonzom and E. Livine  “Generating Functions for Coherent Intertwiners"  1205.5677  CQG 2013
E. Livine  “Deformations of Polyhedra and Polygons by the Unitary Group” 1307.2719 JMP (2013)

M. Dupuis and E. Livine,  "Revisiting the Simplicity Constraints and Coherent Intertwiners" 1006.5666 CQG (2011
                                    "Holomorphic Simplicity Constraints for 4d Spinfoam Models" 1104.3683 CQG (2011)
S. Speziale and W. Wieland  "The twistorial structure of loop-gravity transition amplitudes" 1207.6348 PRD 2012
W. Wieland     "New action for simplicial gravity in four dimensions" 1407.0025 CQG (2015)

Spin-network evaluation
V. Aquilanti, H. Haggard, R. Littlejohn, L. Yu  "Semiclassical analysis of Wigner 3j-symbol" 0703104 JPA (2007)
L. Freidel, J. Hnybida  "On the exact evaluation of spin networks" 1201.3613 JMP (2013)

https://books.google.com/books?id=LF80BwAAQBAJ&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
http://arxiv.org/abs/gr-qc/0501075
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Plan:

1) The bosonic representation of loop quantum gravity

2) Squeezed vacua in loop quantum gravity

3) Reconstructing a spacetime: 
    expectation values and long-range correlations
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Squeezed vacua on a bosonic lattice

E. Bianchi, L. Hackl, N. Yokomizo "Entanglement entropy of squeezed vacua on a lattice" 1507.01567

1)  The bosonic Hilbert space                 carries a unitary representation of the symplectic groupH
boson

Sp(8L,R)

     Generators EAB
ij ⌘ 1

2

�
aAi

† aBj + aAi aBj
†� ,

FAB
ij ⌘ aAi aBj , FAB

ij
† ⌘ aAi

† aBj
† .

2)  The bosonic vacuum             is invariant under transformations generated by|⌦0i EAB
ij

3)  Unitary transformations generated by               squeeze  the vacuumF AB
ij

†

|⌦�i ⌘ det(1� !! †
)

1
4
exp

!
1

2

! ij
AB FAB

ij
†
"
|⌦0i

D = {� 2 Mat(4L, C)| � = �t and 1� ��† > 0 }    Squeezing parameter in the Siegel unit-disk

4)  Two squeezed vacua are related by a Bogoliubov transformation

�
aAi + �ij

AB aBj
†� |⌦�i = 0

http://arxiv.org/abs/1507.01567
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Squeezed vacua in loop quantum gravity

E. Bianchi, J. Guillemon, L. Hackl, N. Yokomizo “Squeezed vacua in loop quantum gravity,” to appear.

1)                            obtained by projecting the squeezed vacuum

2) Implementing the projection:  a representation in terms of generating functions
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Plan:

1) The bosonic representation of loop quantum gravity

2) Squeezed vacua in loop quantum gravity

3) Reconstructing a spacetime: 
    expectation values and long-range correlations
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Reconstructing a spacetime

0)  Perturbative approach                                               :  e.g.  FLRW v.e.v. and Bunch-Davies vacuum 

V ⌘
⌦
ĝµ! (x)

↵
,

C ⌘
⌦
ĝµ! (x) ĝ"# (y)

↵
�

⌦
ĝµ! (x)

↵⌦
ĝ"# (y)

↵
.

Find a QG state with prescribed v.e.v. and correlations of the (gauge-fixed) metric operator

ĝµ⌫(x) = g

0
µ⌫(x) +

p
8⇡G ĥµ⌫(x)

a)  Loop quantum gravity and semiclassical states:  coherence

- focus mostly on expectation values and dispersion, not on correlations
T.  Thiemann "Complexifier Coherent States for Quantum General Relativity" gr-qc/0206037 CQG 2006
B. Bahr and T.Thiemann, “Gauge-invariant coherent states for Loop Quantum Gravity II.” 0709.4636  CQG 2009

E. Livine and S. Speziale, “A new spinfoam vertex for quantum gravity,” 0705.0674 PRD (2007)
L. Freidel and E. Livine,   “The Fine Structure of SU(2) Intertwiners from U(N) Representations” 0911.3553 JMP (2010)
                                   “U(N) Coherent States for Loop Quantum Gravity”  1005.2090 JMP (2011)

E. Bianchi, E. Magliaro, C. Perini, "Coherent spin-networks" 0912.4054 PRD (2010)
D. Oriti, R. Pereira, L. Sindoni, "Coherent states for quantum gravity: towards collective variables" 1202.0526 CQG (2012)

- exception, boundary-state in the graviton propagator calculations
E. Bianchi, L. Modesto, C. Rovelli, S. Speziale, "Graviton propagator in loop quantum gravity" gr-qc/0604044 CQG (2006)
E. Alesci and C. Rovelli, "The complete LQG propagator: I. Difficulties with the Barrett-Crane vertex" 0708.0883 PRD (2007)
E. Bianchi and Y. Ding, "Lorentzian spinfoam propagator" 1109.6538 PRD (2012)

b)  Loop quantum gravity and squeezed vacua:  fix  v.e.v.  and  correlations
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Phase space of loop quantum gravity

- a spinor                  per end-point       of a link  i

- area-matching on links and closure at nodes

- reconstructs a twisted geometry 
  (collection of framed polyhedra)

L. Freidel and S. Speziale,   “Twisted geometries: A geometric parametrisation of SU(2) phase space” 1001.2748, PRD 2010
E. Bianchi, P. Dona, S. Speziale, "Polyhedra in loop quantum gravity" 1009.3402 PRD 2011
E. Livine, J. Tambornino     “Spinor Representation for Loop Quantum Gravity” 1105.3385  JMP (2012)
E. Bianchi, J. Guillemon, L. Hackl, N. Yokomizo “Squeezed vacua in loop quantum gravity” 

zAi 2 C2

zAs(`) zA
t (`)

!Spinor variables:

a)  Coherent states are labeled by a set of spinors {zAi }

b)  Link-wise squeezing of the vacuum,  same labels

|�, {zAi }i ⌘ P� exp

�
ziA aAi

†� |⌦0i

|�,⌦�i ⌘ P� exp

⇣
1

2

� ij
AB aA

i
†aB

j
†
⌘
|⌦0i

! AB
ij =

8
<

:

zA
i zB

j if ( ij ) link " ! !

0 otherwise
with



13

Example:   coherent link  vs  squeezed link

a)  Coherent state on a link in terms of unit-spinors

`
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b)  Squeezed vacuum on a link
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� ẑAs ẑ
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Long-range correlations

a)  Coherent states

b)  Link-wise squeezing of the vacuum

|�, {zAi }i ⌘ P� exp

�
ziA aAi

†� |⌦0i

|�,⌦�i ⌘ P� exp

⇣
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–1
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�AB
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8
<

:

�` ẑAs(`) ẑ
B
t(`) if (ij) link ` 2 �

0 otherwise

   has no long-range correlations either,  but now we have the freedom to introduce them

   by unfreezing the 0 off-diagonal entries of the squeezing matrix �AB
ij

    have no long-range correlations
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Example:  loop-loop correlations
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- Graph consisting of two loops, � = {↵1,↵2}

- Squeezed vacuum                 with|�,⌦�i

�ij
AB =

0

@
�1 ✏AB ✏i1j1 � �AB �i1j2

� �AB �i2j1 �2 ✏AB ✏i2j2

1

A

|�,⌦�i =
X

j1,j2

p
(2j1 + 1)(2j2 + 1) � 2j1

1 � 2j2
2 2F1

⇣
�2j1,�2j2, 2,

�2

�1�2

⌘
|↵1, j1i|↵2, j2i

- Expansion on the spin basis

- Parameters
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- For          ,  uncorrelated loops✏ = 0
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Summary and perspective:

1) Bosonic representation of loop quantum gravity

2) Squeezed vacua in loop quantum gravity

3) Reconstructing a spacetime: 
    expectation values and long-range correlations



How much do we know about correlations at space-like separation?

h'(x)'(y)i 6= h'(x)i h'(y)i

* Very early universe:  already highly-entangled
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* QFT in Minkowski space:   the vacuum state is highly correlated
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* QFT in Minkowski space:   the vacuum state is highly correlated
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* QFT in Minkowski space:   the vacuum state is highly correlated



How much do we know about correlations at space-like separation?

* QFT in Minkowski space:   the vacuum state is highly correlated
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the state already has correlations at space-like separation

at the beginning of inflation  when

Inflationary paradigm:

Squeezed vacua encode a spacetime geometry and correlations, 
     a needed ingredient to describe the early universe in full loop quantum gravity.

Lcurvature ! 105 LPlanck


