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QUANTUM GRAVITY GOAL

A concrete realization of a quantum theory of the gravitational field 

That is well defined without uncontrollable infinities 

Whose classical limit is General Relativity 

In 4 Lorentzian dimensions 

With the standard matter couplings
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Minimalism is revolutionary!



EINSTEIN 1915
➤ General Relativity: spacetime is the gravitational field (substance) 

➤ background independence / general covariance 

FIELDS ⟷ GAUGE SYMMETRIES  

Gravity as an interacting gauge field

U(1) 
SU(2)
SU(3)

SL(2,C)l
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BOUNDARY FORMALISM (Oeckl 2003)
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➤ Democratization of gauges: they all determine dynamical constraints among partial 
observables measured at the boundaries of a process 

➤ The full content of a dynamical theory is in the constraints! 

➤ Yang-Mills constraint determines variable change  
wrt a change of the internal boundary frame.  

➤ Diff constraint determines variable change  
wrt a change in the location of the spatial boundary reference frame.  

➤ Hamiltonian constraint determines collective variable change  
wrt a change in the temporal location of the boundary (time of measurement) 

➤ Time is pure gauge, the Hamiltonian constraint determine time evolution 

➤ Indeterminacy ⟷ arbitrariness of the frame choice 

➤ Dynamics is the study of relations between partial observables that are 
gauge-dependent quantities of a system to which we can couple an apparatus



SPACETIME IS A PROCESS

Spacetime region

Boundary

A = W ( )

Boundary state

Amplitude of the process

 =  in ⌦  out

Spacetime is a process, a state is what happens at its boundary.

QUANTUM MECHANICS

Process 

State 

 
 

←  Locality  → 

GENERAL RELATIVITY 

Spacetime region 
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QUANTUM DISCRETENESS



PRELIMINARY: RECALL Q.E.D.

The quanta of a field are particles (Dirac). 
DISCRETENESS of the spectrum of the energy of each mode

(F ,A,W )
F 3 |p1...pni
A 3 a(k), a†(k)

W ! Feynman rules
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(H,A,W)

QUANTUM GRAVITY

Quantum granularity of spacetime  (Rovelli&Smolin 1995) 
DISCRETENESS of the spectrum of geometrical operators such as volume

STATES 

OBSERVABLES 

DYNAMICS

→

F 3 |�, jl, vni

A 3 ~Ll

W ! Transition amplitudes
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FROM QUANTUM TO CLASSICAL

FROM QUANTUM TO CLASSICAL 
The classical limit is ℏ⟶ 0 , the limit for ∞ quanta is relevant for the continuous limit 

No thermodynamical limit is needed at that stage. 

EMERGENCE OF SPACETIME IS STANDARD CLASSICAL EMERGENCE 
just as the electromagnetic field emerges from photons 

SPACETIME IN THE QUANTUM REGIME IS MADE OF QUANTA 
■ there is no classical spacetime in the quantum regime 
■ same as in Q.E.D. where there are photons 

SPACETIME IN THE QUANTUM REGIME IS A QUANTUM PROCESS 
■ states are defined by the continuity relations between quanta 
■ a spinfoam is a quantum interaction, but also a spacetime region 

THERE IS NO TIME, THERE IS ONLY CHANGE 
in fact change is everything we measure!



QUANTUM MECHANICS 

Heisenberg Uncertainty  

Sharp localization requires large energy. 

GENERAL RELATIVITY 

Black-Hole Horizon 

The horizon prevent a sharper localization. 

QUANTUM GRAVITY

QUANTUM GRAVITY IS THE DISCOVER OF A MINIMAL LENGHT

Dx > h̄/Dp
E ⇠ cp

R ⇠ GM/c2

M ⇠ E/c2

Dx � R

`P =

r
h̄G
c3 ⇠ 10�35 m

“Without a deep revision 
of classical notions it 
seems hardly possible to 
extend the quantum theory 
of gravity also to [the 
short-distance] domain.” 

Matvei Bronstein
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GENERAL RELATIVITY

Tetrads (reference fields): required for coupling matter 

ADM formalism: select a foliation at a given time 

Hamiltonian formulation: (densitized) triads are conjugate to the Ashtekar connection 

Triads are rotation invariant: so(3) ⟶ su(2)



          “Holonomy of the Ashtekar-Barbero connection along the link” 

                                                SU(2) generators 

            gravitational field operator (tetrad)             

QUANTUM GEOMETRY
4D

3D
2D

1D

Extrinsic Curvature 

Intrinsic Curvature

⌅Ll = {Li
l}, i = 1, 2, 3

hl

Gll� = �Ll · �Ll�
X

l2n

Gll0 = 0

l

Gll�

l�

Al

Gauge invariant operator                                 with 

          Penrose’s spin-geometry theorem (1971), and Minkowski theorem (1897)



REPRESENTING GEMETRIES

Quantum states of  space, 
rather than states on space.

    Composite operators:  

     Area:                                     

     Volume:                                           

     Angle:  

    Geometry is quantized:

A� =
�
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⇥
Li

lL
i
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n�R

Vn, V 2
n =

2
9

|�ijkLi
lL

j
l�L
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l”|.

eigenvalues are discrete 
the operators do not commute 
quantum superposition

coherent states

Li
lL

i
l0



GAUGES IN GENERAL RELATIVITY LOOP QUANTUM GRAVITY
- diffeos 
- Lorentz{ - graph/lattice 

- group variables{

➤ Abstract graphs:            

➤  Group variables:                                                                      

➤  Graph Hilbert space:  

➤  The space         admits a basis  

➤ MANIFOLD is introduced as a device to connect with the classical limit

Γ = N, L

|Γ, jℓ, νn >

~Ll 2 su(2)

hl 2 SU(2){
H� = L2[SU(2)L/SU(2)N ]

H�

ls(l)

t(l)
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GRAVITY AS A GAUGE THEORY



LOCALIZATION

➤ COUPLING TO A MATERIAL REFERENCE SYSTEM  
The gravitational-field components with respect to the directions defined by the matter 
system are gauge-invariant quantities of the coupled system; but they are gauge-dependent 
quantities of the gravitational field, measured with respect to a given external frame. 

➤ MEASUREMENT  VS  PREDICTIONS 
Gauge variables are what we measure but we cannot predict. 
A couple of gauge variables is gauge invariant and it allows predictions. 

➤ RELATIONALITY 
Bodies are only localized with respect to one another.  
Bodies includes all dynamical objects, also the gravitational field.  
Spacetime is built up by contiguity relations: being “next to one another”.



STRUCTURE OF THE THEORY

On the structure of a background independent quantum theory:
Hamilton function, transition amplitudes, classical limit and continuous limit

Carlo Rovelli
Centre de Physique Théorique, Case 907, Luminy, F-13288 Marseille, EU

(Dated: March 24, 2012)

The Hamilton function is a powerful tool for studying the classical limit of quantum systems, which

remains meaningful in background-independent systems. In quantum gravity, it clarifies the physical

interpretation of the transitions amplitudes and their truncations.

I. SYSTEMS EVOLVING IN TIME

Consider a dynamical system with configuration vari-

able q 2 C, and lagrangian L(q, q̇). Given an initial con-

figuration q at time t and a final configuration q
0
at time

t
0
, let qq,t,q0,t0 : ! C be a solution of the equations of

motion such qq,t,q0,t0(t) = q and qq,t,q0,t0(t
0
) = q

0
. Assume

for the moment this exists and is unique. The Hamilton

function is the function on (C ⇥ )
2
defined by

S(q, t, q
0
, t

0
) =

Z
t
0

t

dt L(qq,t,q0,t0 , q̇q,t,q0,t0), (1)

namely the value of the action on the solution of the

equation of motion determined by given initial and final

data. This function, introduced by Hamilton in 1834 [?
] codes the solution of the dynamics of the system, has

remarkable properties and is a powerful tool that remains

meaningful in background-independent physics.

Let H be the quantum hamiltonian operator of the

system and |qi the eigenstates of its q observables. The

transition amplitude

W (q, t, q
0
, t

0
) = hq0|e� i

~H(t
0�t)|qi. (2)

codes all the quantum dynamics. In a path integral for-

mulation, it can be written as

W (q, t, q
0
, t

0
) =

Z
q(t

0
)=q

0

q(t)=q

D[q] e
i
~
R t0
t dtL(q,q̇)

. (3)

In the limit in which ~ can be considered small, this can

be evaluated by a saddle point approximation, and gives

W (q, t, q
0
, t

0
) ⇠ e

i
~S(q,t,q

0
,t

0
)
. (4)

That is, the classical limit of the quantum theory can be

obtained by reading out the Hamilton function from the

quantum transition amplitude:

lim
~!0

(�i~) logW (q, t, q
0
, t

0
) = S(q, t, q

0
, t

0
). (5)

The functional integral in (3) can be defined either by

perturbation theory around a gaussian integral, or as a

limit of multiple integrals. Let us focus on the second def-

inition, useful in non-perturbative theories such as lattice

QCD and quantum gravity, which are not defined by a

gaussian point. Let L(qn, qn�1, tn, tn�1) be a discretiza-

tion of the lagrangian. The multiple integral

WN (q, t, q
0
, t

0
) =

Z
dqn

µ(qn)
e

i
~
PN

n=1 aL(qn,qn�1,tn,tn�1) (6)

where µ(qn) is a suitable measure factor, tn=n(t
0�t)/N ⌘

na, and the boundary data are q0 = q and qN = q
0
, has

two distinct limits. The continuous limit

lim
N!1

WN (q, t, q
0
, t

0
) = W (q, t, q

0
, t

0
) (7)

gives the transition amplitude. While the classical limit

lim
~!0

(�i~) logWN (q, t, q
0
, t

0
) = SN (q, t, q

0
, t

0
). (8)

gives the Hamilton function of the classical dis-

cretized system, namely the value of the actionP
N

n=1
aL(qn, qn�1, tn, tn�1) on the sequence qn that ex-

tremizes this action at given boundary data. The dis-

cretization is good if the classical theory is recovered as

the continuous limit of the discretized theory, that is, if

lim
N!1

SN (q, t, q
0
, t

0
) = S(q, t, q

0
, t

0
). (9)

Summarizing:
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Exact quantum gravity

transition amplitudes

W (hl)
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General relativity

Hamilton function

S(q)
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!
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LQG

transition amplitudes

WC(hl)

~!0���!
Regge

Hamilton function

S�(lib
)

Classical limit�����������������������!

TABLE I. Continuous and classical limits

The interest of this structure is that it remains mean-

ingful in di↵eomorphism invariant systems and o↵ers an

excellent conceptual tool for dealing with background in-

dependent physics. To see this, let’s first consider its gen-

eralization to finite dimensional parametrized systems.

II. PARAMETRIZED SYSTEMS

I start by reviewing a few well-known facts about

background independence. The system considered above

No critical point  
- QFT :  critical phenomenon 
- Quantum Gravity: non-critical phenomenon 

No infinite renormalization 
Physical Scale ℓPl



CONVERGENCE BETWEEN QED AND QCD
All physical QFT are constructed via a truncation of the d.o.f.   (QED: particles, QCD: lattice) 

All physical calculation are performed within a truncation. 

 The limit in which all d.o.f. is then recovered is pretty different in QED qnd QCD: 

 

Quantum Gravity: Diff invariance !    

Lattice site = small region = excitations of the = quanta of space = quanta 
                       of space         gravitational field                              of the field 
   

+ +   ....

→ →  ....

Matter coupling as in 
LATTICE GAUGE THEORIES 

but without divergences!



THE THEORY

Covariant Loop Quantum Gravity, with C. Rovelli

⇥
Li
a, L

j
b

⇤
= i�ab⇤

2⇥ijk L
k
a

And God said 

and there was
SPACETIME

(H,A,W)

H� = L2[SU(2)L/SU(2)N ]
Hilbert Space:                                         

Operator Algebra:

Wv = (PSL(2,C) � Y� �v)(1I)
Transition Amplitude:



SL(2,C) ! SU(2)

Boundary                                     and 
gauge s.t. tetrads are diagonal

Ki =
1

�
eo ^ eiBoi = Li = eo ^ eiBij =

A =

Z

R
eo ^ ei =

Z

R
�Ki =

Z

R
Li

ni = (1, 0, 0, 0)

S[e,�] =

Z
B[e] ^ F [�] B = (e ^ e)⇤ +

1

�
(e ^ e)Action where

CLASSICAL THEORY: TETRADS

Simplicity constraint

Variables                             and ! = !adx
a 2 sl(2,C)e = eadx

a 2 R(1,3)

Lorentzian area

~K = �~L



SBH =
A

4G~E =
A

8⇡G
l�1

T =
~a
2⇡
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evidence from two sources: First, the Randall-Sundrum
II braneworld [36] provides an example of an induced
gravity model. In particular, it has been observed that
in this framework, using holographic prescription for
entanglement entropy [8], black hole entropy corre-
sponds to entanglement entropy [27]. However, it is also
straightforward to show that the area term in eq. (2)
appears for any su�ciently large region, irrespective of
whether or not the entangling surface corresponds to
an event horizon [27, 35]. Similar results were noted in
[28] for other simple induced gravity models using heat
kernel techniques. Finally we turn to loop quantum
gravity to find support for our conjecture.

Spin Foam Models: In ‘loop quantum gravity’, a
smooth macroscopic geometry is expected to emerge from
a description of space and spacetime which is discrete at
a fundamental level [37]. There has been recent progress
in the understanding of black hole entropy in this context
[25, 38] and so it is natural to ask whether these models
give some evidence for our conjecture that general re-
gions of macroscopic spacetimes carry an entanglement
entropy given by eq. (2).

Consider a cellular decomposition of a three-
dimensional manifold, for instance, a triangulation. A
spin-network graph with a node in each cell and a link
connecting nodes in neighbouring cells is said to be dual
to this triangulation. Lorentz-group representations la-
bel the links of the graph and determine a quantum ge-
ometry of the triangulation. Generically such states are
highly entangled [26]. In particular, we consider the vac-
uum state defined using the covariant spinfoam dynam-
ics, which has the properties that it is invariant under lo-
cal Lorentz transformation and time translations. Now,
even neglecting interactions between di↵erent links, the
state has entanglement associated to the endpoints of
each link. In the cellular picture, the quantum geome-
tries of two nearby cells in the three-dimensional manifold
are entangled.

Now we consider a three-dimensional region A in
the manifold. The cellular decomposition induces on
the boundary ⌃ of the region a tessellation in two-
dimensional cells. In the dual picture these are links l

crossing the surface ⌃. Exactly as discussed above, the
relevant part of the reduced density matrix ⇢A can be
written in the form (9) with the entanglement Hamilto-
nian

HA = 2⇡
P

l
Kl + logZ . (13)

The sum is over the links l that cross the entangling sur-
face ⌃, and Kl is the hermitian generator of boosts in the
unitary representation of the Lorentz group associated to
the link. This expression has the same form of eq. (11)
for the QFT case. The term logZ provides the normal-
ization of the density matrix ⇢A = e

�HA , i.e., this term
provides the constant c

0 in eq. (11). The entanglement
entropy is now easily computed:

SEE = �Tr(⇢A log ⇢A) = 2⇡Tr(
P

l
Kl ⇢A) + logZ . (14)

The simplicity constraint on representations of the
Lorentz group allows us to express the first term as the
area A⌃ of the entangling surface [25]. The second term
is proportional to the number N of links crossing ⌃, so
that we have

SEE =
A⌃

4G0
+ µ(�) N , (15)

where µ is a chemical potential that depends on the
Immirzi parameter � [38]. The entanglement entropy
is finite because the theory has no degrees of freedom
below the scale `LQG = (8⇡�G0)1/2, the physical cut-o↵
scale in loop quantum gravity. As the area A⌃ is
proportional to N , the second term can be understood
as a finite renormalization of G0 and be reabsorbed in
the first term in the same way as described in eq. (7),
thus providing further evidence for our conjecture.

Discussion: We have proposed that the Bekenstein-
Hawking formula has a much wider applicability that pre-
viously considered. In fact, our conjecture is that eq. (2)
corresponds to the leading contribution to the entangle-
ment entropy for any su�ciently large region in a theory
of quantum gravity. Evidence for this conjecture was pre-
sented from four directions:
i) In the AdS/CFT correspondence, the well-tested pre-
scription for holographic entanglement entropy [8] clearly
assigns an entropy to large classes of surfaces which are
unrelated to horizons, with precisely eq. (2) as the lead-
ing term.
ii) In examining quantum fields in curved spacetime, for
any large region, the leading contribution to the entan-
glement entropy is an area term and the coe�cient of
this term matches precisely the renormalization of New-
ton’s constant in eq. (2). Further, applying the ‘o↵-shell’
method to calculate the Rindler entropy locally along the
entangling surface suggests the presence of a bare term
A/4G0, as well.
iii) In simplified models of induced gravity, the lead-
ing term to the entanglement entropy for large regions
is finite and takes precisely the form given by eq. (2)
[27, 28, 35].
iv) Our preliminary investigations of spin foam models
indicate that general regions will carry a finite entangle-
ment entropy, again with the leading term described by
eq. (2).
We feel that combining these results provides strong ev-
idence for our conjecture as a general result.

Our proposal demands that quantum gravity e↵ects
two essential features for entanglement entropy: First,
it ‘regulates’ entanglement entropies for general regions.
This might be seen as another realization of the gen-
eral lore that quantum gravity contains fewer states than
quantum field theory. The second property is that this
regulator yields a simple universal result, i.e., eq. (2).
This property would seem to rely on the universal cou-
plings of the e↵ective Einstein theory emerging at low
energies [22]. We expect this universality is a unique fea-
ture of the entanglement entropy. For example, the Rényi
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Kl + logZ . (13)

The sum is over the links l that cross the entangling sur-
face ⌃, and Kl is the hermitian generator of boosts in the
unitary representation of the Lorentz group associated to
the link. This expression has the same form of eq. (11)
for the QFT case. The term logZ provides the normal-
ization of the density matrix ⇢A = e

�HA , i.e., this term
provides the constant c

0 in eq. (11). The entanglement
entropy is now easily computed:

SEE = �Tr(⇢A log ⇢A) = 2⇡Tr(
P

l
Kl ⇢A) + logZ . (14)

The simplicity constraint on representations of the
Lorentz group allows us to express the first term as the
area A⌃ of the entangling surface [25]. The second term
is proportional to the number N of links crossing ⌃, so
that we have

SEE =
A⌃

4G0
+ µ(�) N , (15)

where µ is a chemical potential that depends on the
Immirzi parameter � [38]. The entanglement entropy
is finite because the theory has no degrees of freedom
below the scale `LQG = (8⇡�G0)1/2, the physical cut-o↵
scale in loop quantum gravity. As the area A⌃ is
proportional to N , the second term can be understood
as a finite renormalization of G0 and be reabsorbed in
the first term in the same way as described in eq. (7),
thus providing further evidence for our conjecture.

Discussion: We have proposed that the Bekenstein-
Hawking formula has a much wider applicability that pre-
viously considered. In fact, our conjecture is that eq. (2)
corresponds to the leading contribution to the entangle-
ment entropy for any su�ciently large region in a theory
of quantum gravity. Evidence for this conjecture was pre-
sented from four directions:
i) In the AdS/CFT correspondence, the well-tested pre-
scription for holographic entanglement entropy [8] clearly
assigns an entropy to large classes of surfaces which are
unrelated to horizons, with precisely eq. (2) as the lead-
ing term.
ii) In examining quantum fields in curved spacetime, for
any large region, the leading contribution to the entan-
glement entropy is an area term and the coe�cient of
this term matches precisely the renormalization of New-
ton’s constant in eq. (2). Further, applying the ‘o↵-shell’
method to calculate the Rindler entropy locally along the
entangling surface suggests the presence of a bare term
A/4G0, as well.
iii) In simplified models of induced gravity, the lead-
ing term to the entanglement entropy for large regions
is finite and takes precisely the form given by eq. (2)
[27, 28, 35].
iv) Our preliminary investigations of spin foam models
indicate that general regions will carry a finite entangle-
ment entropy, again with the leading term described by
eq. (2).
We feel that combining these results provides strong ev-
idence for our conjecture as a general result.

Our proposal demands that quantum gravity e↵ects
two essential features for entanglement entropy: First,
it ‘regulates’ entanglement entropies for general regions.
This might be seen as another realization of the gen-
eral lore that quantum gravity contains fewer states than
quantum field theory. The second property is that this
regulator yields a simple universal result, i.e., eq. (2).
This property would seem to rely on the universal cou-
plings of the e↵ective Einstein theory emerging at low
energies [22]. We expect this universality is a unique fea-
ture of the entanglement entropy. For example, the Rényi
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corresponds to the leading contribution to the entangle-
ment entropy for any su�ciently large region in a theory
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unrelated to horizons, with precisely eq. (2) as the lead-
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any large region, the leading contribution to the entan-
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method to calculate the Rindler entropy locally along the
entangling surface suggests the presence of a bare term
A/4G0, as well.
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is finite and takes precisely the form given by eq. (2)
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indicate that general regions will carry a finite entangle-
ment entropy, again with the leading term described by
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We feel that combining these results provides strong ev-
idence for our conjecture as a general result.
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This might be seen as another realization of the gen-
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Spinfoam Cosmology

h f = =

 

’
v2∂ f

hv f

!
h` (5.8)

h f v ! h` (see figure)

Av(h`) =
Z

SL(2,C)
dGn ’̀ P(h`, G`) (5.9)

where we define G` := Gs(`)G�1
t(`) as the product of the SL(2,C) group elements at the

source and target nodes, extremals of each oriented link `. We take a product on the links
`, having defined for each link a function P(h, G):

P(h, G) = Â
j
(2j + 1)2

Z

SU(2)
dg c(j)(hg�1) c(gj,j)(gG) (5.10)

being c(j)(hg�1) bla bla bla bla. We integrate and we obtain:

P(h, G) = Â
j
(2j + 1)2 D(j)(h)m0

m D(gj,j)(G)j,m
j,m0 . (5.11)

The sum is over the coloring of these links, i.e. on the spins j`.
D(j)(h) is a representation-(j) matrix of SU(2) with dimension 2j+1 and D(gj,j)(G) i a

representation-(gj, j) matrix of SL(2,C) with an infinite dimension. The function P(h, G)
is the kernel of a map Y that glues these matrices with different dimensions:

Y : H
(j)

�! H
(j,gj)

|j,mi |(j,gj); j,mi (5.12)

whose matrix elements are given by h(j,gj); j0,m0
|Y | j,mi = dp,gjdkjdjj0dmm0 .

order (0) = W0(h`, h`0) = dG`
(h`, h`0)

(5.13)

trivial dynamics (in analogy with QED scattering)
We are interested in the probability amplitude of finding a different geometry from

the initial one (while here W(z,z0) has support on p = p0).
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order (1) s WC•(z
0,z) =

Z
h`
Z

h0` yz0(h0`) W1(h0`, h`) yz(h0`) (5.14)

W1(h0`, h`) not simplicial

W1(h0`, h`) =
Z

SL(2,C)

N�1

’
n=1

dGn

L

’̀
=1

P(h`, G`)P(h0`, G0

`) (5.15)

The integration over the SL(2,C) elements Gn associated to the edges imposes Lorentz
invariance. Notice that the integration is over all the Gn but one, in order to avoid a
redundancy that makes the amplitude diverge [?].

We use the definition of yz(h`) and W1(h`, h0`)

WC•(z
0,z) =

Z
h`
Z

h0` yz0(h0`) W1(h0`, h`) yz(h0`)

=

 Z

SL(2,C)
dG0

L

’̀
=1

P(h0`, G0)

! Z

SL(2,C)
dG

L

’̀
=1

P(h`, G)

!

= W(z)W(z0) h o H qui sopra? (5.16)

and we define (???)

Pt(H`, G) =
Z

dh`Kt(h`, H`)P(h`, G) (5.17)

= Â
j`

(2j`+1)e�2th̄j`(j`+1)D(j`)(H`)
m0

m D(gj`,j`)(G`)
jm
jm0 (5.18)

The transition amplitude factorize (this is because we are working at the first order in
the exponsion) and each single term W(z) can be interpreted as the Hartle-Hawking wave
function of the universe determined by a no-boundary initial condition [?]. We can therefore
study W(z) instead of W(zfin,zin) and interpret it as the wave function of the universe3.

W(H`) =
Z

SL(2,C)

N�1

’
n=1

dGn

L

’̀
=1

Â
j`

(2j`+1)e�2th̄j`(j`+1)eilve Tr
h
D(j`)(H`)Y†D(gj`,j`)(G`)Y

i
.

(5.19)
3The factorization survives also beyond the classical (large distance) limit when we restrict to the one-

vertex approximation of the amplitude and can be reinterpreted as the amplitude to go from the initial state to
nothing and from nothing to the final state, namely as the contribution of a disconnected spacetime topology
to the total transition amplitude [?].
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RECENT RESULTS

1. 3-sphere as emerging geometry 

2. large fluctuations 

3. large correlations

Primordial fluctuations from quantum gravity, with F. Gozzini
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OPEN QUESTIONS IN QUANTUM GRAVITY

What are the observables, when localization does not rely on background space and time? 

How should be think about time in this picture?  

What are the degrees of freedom?   

What's the interplay between the Planck scale and the cosmological scale?  

What is the role of quantum fluctuations of spacetime?

Primordial fluctuations from quantum gravity, with F. Gozzini



1.  INTERPRETATION OF THE QUANTUM THEORY

Computing in quantum mechanics requires a PARTITION

our

Image credit: ESA



2.  WHERE IS SPACE?

1. “Space” in the most weak sense: the relation determined by the continuity of things 

2. “Space” in the sense of geometry: quantity that we can measure with rods 

3. “Space” in the sense of a continuous Riemaniann space: not in the theory 

4. “Space” in the sense of the container within which things happen: not in the theory 



3.  WHERE IS TIME?

1. “Time” as change: variables change one with respect to another 

2. “Time” as preferred time variable: not in the theory 

3. “Time” in the sense of oriented flowing: compatible but not part of the theory 



4.  WHAT ARE THE OBSERVABLES?

In the considered application: area and volumes of space regions 

LOCALIZATION: well defined relationally 

NO need of continuous space 

NO need of background space



5.  WHAT ARE THE DEGREES OF FREEDOM?

The same as in General Relativity! 

quantum numbers j’s and %’s   ⟶   gab(x)  

CLASSICAL LIMIT in Quantum Gravity 
 
 
          analog to:  photons ⟶ Maxwell equations



6.  PLANCK VS COSMOLOGICAL SCALE

DISCRETIZATION    QUANTUM DISCETENESS 

GRAPH TRUNCATION = APPROXIMANTION 

QUANTUM COSMOLOGY:  non-trivial interplay

≠



7.  WHAT IS THE ROLE OF QUANTUM FLUCTUATIONS?

SUPERPOSITION:  generic states of the geometry are superposed ones
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TRUE OR FALSE?

We do not have d!ect access to the Plank scale.    

We do not have quantum-"avity meas#ements.  ✗

✓



We do not have d!ect access to the Plank scale.    

We do not have quantum-"avity meas#ements.  ✗

✓

- Supersymmetric particles 
- Violation Lorentz Invariance 
- QG imprint on initial cosmological perturbations 
- Cosmological variation of  couplings 
- Quantum decoherence and state collapse 
- TeV Black Holes 
- Generalized uncertainty principle 
- Violation of  discrete symmetries 
- Speed of  the gravitons 
- Gravitational Wave Echo 
- Planck scale spacetime fuzziness 
- … 
- Entangled Masses?

✗
✗

✗




