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The scientific process and 
the role of uniqueness theorems

Scientific Principles
+

Choices

Mathematically precise
Theories

Observable 
predictions

Comparison with 
data

Modify choices if necessary, or scientific 
principles if really necessary

Uniqueness theorems: Say that the theory is uniquely determined by physical 
principles and a certain minimum set of choices. Isolates the minimal assumptions, so 
that if there is mismatch with data, we know exactly what to try to modify.



General relativity

General Covariance
The laws of physics are invariant under 
arbitrary space-time coordinate 
transformations

General Principle of Relativity

The laws of physics take the same form in 
all reference frames – whether inertial or 
not. 

Diffeomorphism
transformations
“move stuff around.”

Diffeomorphism Covariance

Background independence

No background space-time structure enters 
the laws of physics.

“Background”: Something fixed a 
priori and not subject to 
dynamics

Are all equivalent



Loop quantum cosmology
(Agullo, Ashtekar, Bojowald, Lewandowski, Pawlowski, Singh …)

• Most solid hope for observing quantum gravity effects: Effects from Big Bang

• In classical Einstein Gravity: Curvature and Energy density become infinite at Big 
Bang. Equations break down.

• Application of Loop Quantum Gravity to cosmology (with simplifying 
assumptions): Infinities at Big Bang are removed. Big Bang is replaced by “Big 
Bounce.”

• LQG predicts modifications to cosmology near Big Bang which should have 
effects: on the CMB and on the large scale distribution of galaxies in the universe.  
Work to calculate these effects has been done and is being done (but not by 
me).



Uniqueness of LQG and LQC from 
diffeomorphism-invariance: 

kinematics
(LQG: Lewandowski, Okolow, Sahlmann, Thiemann 2005, Fleischhack 2004

LQC: E., Hanusch, Thiemann 2017, Ashtekar, Campiglia 2012)

Quantum `Kinematics’: Hilbert space of quantum states and action of quantum analogues of basic phase space 
functions
Quantum `Dynamics’: Definition of Hamiltonian operator/constraint



Algebraic formulation of quantum mechanics



Algebraic formulation of quantum mechanics



Hilbert space representation of a quantum algebra



Example:
Loop Quantum Gravity: There is a unique cyclic representation of the basic quantum algebra in which all 

diffeomorphisms act unitarily (The Ashtekar-Lewandowski representation). This is the ‘L.O.S.T.’ theorem 

(Lewandowski, Okolow, Sahlmann, and Thiemann; Fleischhack).

Conditions one can impose on a representation:



Loop quantum cosmology (LQC) and 
the residual diffeomorphisms
Copernican principle: On the largest scales, no location or direction in the universe is `special’.



LQC: Classical Poisson Algebra

The Classical Poisson algebra of basic observables used in LQG:





LQC: uniqueness of the vacuum/representation



Is non-trivial: Is not what one would guess based on naïve `Schrodinger’ quantization.



Uniqueness of LQC from 
diffeomorphism-invariance: 

dynamics
(E., Vilensky 2018, 2019. Earlier work Corichi, Singh 2008)



In Brief

• Corichi and Singh 2008: Show that, from a few different possible quantizations, 

independence of effective dynamics from choice of fiducial cell/fiducial metric 

selects uniquely the “improved dynamics” of Ashtekar, Pawlowski, and Singh 

(2006).

• Besides, this, no work prior to ours on uniqueness of dynamics in quantum 

gravity/quantum cosmology of which I am aware.

In this work, we consider covariance of the exact quantum Hamiltonian constraint 

under the action of dilations (the `active’ equivalent to imposing independence of 

cell/fiducial metric).





Covariance under dilations





Parity inv., Hermiticity, and Domain condition



Single length scale

Correct classical limit



These three conditions, together with the form from the last slide,

• APS (Ashtekar-Pawlowski-Singh) Hamiltonian has been standard in LQC since 2006.

• Other Hamiltonians since then have also been proposed (Yang-Ding-Ma 2009, Dapor-

Liegener 2017).



Minimality
Is it possible to impose a further condition to obtain a unique quantum Hamiltonian from among this class?

YES: If we require that N be minimal (`minimality’), then the quantum Hamiltonian is unique up to a 

single parameter A!

Is strongest uniqueness we could have hoped for: In LQC this parameter 

could only be fixed by `importing’ the area gap from full theory.



Independence of operator product 



Discussion
Viewpoint: Significance of uniqueness theorem is not to close discussion, but to clarify it.

More precisely: This work shows that, besides basic physical symmetries, the only assumptions going into 

LQC are 

(1.) parallel transports and fluxes as basic variables (and actually only a small part of this is used), and 

(2.) the minimality principle – minimal number of terms.

Assumption (1.) is what connects LQC to LQG: Cannot be removed if goal is to obtain predictions of 

LQG for cosmology.

Assumption (2.), however, can be removed. This work shows the exact class of operators allowed when 

(2.) is removed.



Extensions

Non-isotropic models

Inclusion of (homogeneous) scalar matter



Further tasks, thoughts and questions:
• Find phenomenological consequences of some different constraints without minimality (Has started for 

Hamiltonians with Lorentzian term (Assanioussi, Dapor, Liegener, Pawlowski 2018; Li, Singh, Wang 2018; 

Agullo 2018; de Haro 2018; Saini, Singh 2018) ). Qualitatively different from the minimal case? Do we find 

that some options are not viable for reasons not considered?

• LQG is diffeomorphism invariant. Thus, the dynamics it implies for LQC must also be diffeomorphism 

invariant, and hence belong to the above class, possibly without minimality. This makes the problem of 

directly calculating LQC dynamics from LQG more controllable. Which among this class corresponds to the 

Thiemann constraint? To the EPRL model? Proper vertex?

• Have action of dilations on basic algebra and for operators satisfying certain differentiability (enough to 

impose covariance of an operator), and these are consistent. Can we extend the definition to all operators?

• Dilation invariant states – i.e. density matrices? Will certainly be mixed states! Relation to Alesci’s mixed 

coherent states (Alesci, 2017) ? Could this simplify removal of infrared cut-off?

Thank you for your time, and happy birthday, Jurek!


