
Renata Ferrero 
based on collaborations with Kevin Falls and Martin Reuter

Observables and Observers 
in Quantum Spacetime

Quantum Spacetime and the Renormalization Group 2023 
Sardinia, October 2nd 2023



2

Let us suppose that we have an asymptotically safe theory of 
quantum gravity.

How can we make contact with 
observables or make predictions?

How can we characterize the quantum 
geometry of spacetime?



Running relational observables 

Relational formalism 

Composite operators and critical exponents 

Quantum waves and the spectral flow 

Spectral flow methods 

Euclidean vs. Lorentzian
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to tackle the experimental ambiguities of 
integrating out modes

to study universal properties of 
diffeomorphism-invariant observables

The problem: Lessons from Hamiltonian formalism
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The problem of observables in Quantum Gravity

Lessons from Hamiltonian formalism 

The notion of absolute time and space has to be corrected. 

The metric become dynamical, geometry is no longer just an observer.  

The laws of physics are Background Independent, mathematically expressed by the classical 
Einstein equations which are diffeomorphism invariant.  

Problem: interpretation of quantum mechanics in cosmological circumstances when the 
observer is part of the system. There is no outside of the universe by definition. 
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The problem of observables in Quantum Gravity

Lessons from Hamiltonian formalism 

The time parameter does not have the status of a gauge parameter. 

GR is a totally constrained theory with vanishing canonical Hamiltonian.  

It is the time parameter defined by the Hamiltonian which corresponds to the notion of time 
of a physical observer. 

E.g.: in GR in the asymptotically flat case the time parameter corresponding to the ADM 
Hamiltonian is the time parameter used by an observer in an asymptotic inertial system in 
Minkowski space.  
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The problem of observables in Quantum Gravity

Lessons from Hamiltonian formalism 

1 By using techniques of group theory: find out an orthonormal basis of Hilbert 
space and define the fundamental quantum observables of area and volume 
operators. 

Analysis of the spectra of these observables shows that the texture of the 
spacetime at the ultramicroscopic scale is discrete and composed of minimal 
quanta of area and volume, proportional to the Planck area and volume, 
respectively. 

2 Definition of observables within the framework of complete observables, that 
encode relations between dynamical fields.  

Perturbative calculations have been performed and within deparameterizable 
toy models it was possible for the first time to construct a full set of gauge 
invariant observables for a background independent field theory. 



Quantum waves: spectral flow
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Quantum waves: spectral flow1

Spacetime properties from the spectral flow 

We explore the microstructure of spacetime and its effective quantum geometry by sending 
waves represented by a scalar field. 

We construct the Laplacian operator and consider the eigenvalue problem. 

The idea is do this at all points of the generalized RG trajectory. 

Macroscopic metric

?Zoom into 
spacetime’s 

microstructure

classical, smooth 
manifolds

gMinkowski
µ⌫ , gde Sitter

µ⌫ , ...

<latexit sha1_base64="fwlUAV6jPYjA4l6bFG0PjLQAGpE="></latexit>

(ḡsck )µ⌫

<latexit sha1_base64="hy1yVIHeEgvewROY5pb8HxCMeTY=">AAACG3icbVC7TsNAEDzzDOEVoKQ5ESGgiWwEgjKChhIkAkhxsNbHJpxyPlt3e0jI8ifwCXwFLVR0iJaCgn/BCSl4TTWa2dXuTJwpacn3372x8YnJqenKTHV2bn5hsba0fGZTZwS2RKpScxGDRSU1tkiSwovMICSxwvO4fzjwz2/QWJnqU7rNsJNAT8uuFEClFNU2ZkKFXdoMYzC8d5lbUUR5vwiN7F3TVpSHieOhdkVUq/sNfwj+lwQjUmcjHEe1j/AqFS5BTUKBte3Az6iTgyEpFBbV0FnMQPShh+2SakjQdvJhoIKvOwuU8gwNl4oPRfy+kUNi7W0Sl5MJ0LX97Q3E/7y2o+5+J5c6c4RaDA6RVDg8ZIWRZVPIr6RBIhh8jlxqLsAAERrJQYhSdGV11bKP4Hf6v+RsuxHsNHZPdurNg1EzFbbK1tgmC9gea7IjdsxaTLA79sAe2ZN37z17L97r1+iYN9pZYT/gvX0C+jehkw==</latexit>

(ḡsck=0)µ⌫

<latexit sha1_base64="yh5/rqNnw4CREaWDZ+9rDsnHmSA=">AAACH3icbVDLSgNBEJz1GeMr6tHLYBAUIeyKohch6MWjglEhG5fesROHzM4uMz2CLPsRfoJf4VVP3sSrB//FTczBV52Kqm66q+JMSUu+/+6NjU9MTk1XZqqzc/MLi7Wl5XObOiOwJVKVmssYLCqpsUWSFF5mBiGJFV7E/aOBf3GLxspUn9Fdhp0Eelp2pQAqpai2NRMq7NJGGIPhvavciiLK+/yA+0VoZO+GNqM8TBwPtSuiWt1v+EPwvyQYkTob4SSqfYTXqXAJahIKrG0HfkadHAxJobCohs5iBqIPPWyXVEOCtpMPQxV83VmglGdouFR8KOL3jRwSa++SuJxMgG7sb28g/ue1HXX3O7nUmSPUYnCIpMLhISuMLNtCfi0NEsHgc+RScwEGiNBIDkKUoivrq5Z9BL/T/yXn241gp7F7ulNvHo6aqbBVtsY2WMD2WJMdsxPWYoLds0f2xJ69B+/Fe/XevkbHvNHOCvsB7/0TyZSiaA==</latexit>
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Quantum waves: spectral flow1

Gravitational Effective Average Action 
A Background-Independent and diffeomorphism-covariant 

continuum approach to quantum gravity

Pick a solution of the FRGE:

Running effective action

Running self-consistent metrics

Running kinetic operators

Running spectral problem

Running spectra                         and eigenfunctions

�k[hµ⌫ , · · · ; ḡµ⌫ ]

<latexit sha1_base64="bSb38BUTWEMwsNzZstFblgvXmTE="></latexit>

(ḡsck )µ⌫

<latexit sha1_base64="mp4SFsCQ7eE+2ZDZB52QNX0vA/g=">AAACGXicbVC7TsNAEDzzJrwClDQnokjQRDYKghJBQwkSIZHiYK2PTTjlfLbu9pCQlS/gE/gKWqjoEC0VBf+CE1IAYarRzK52Z+JMSUu+/+FNTc/Mzs0vLJaWlldW18rrG5c2dUZgQ6QqNa0YLCqpsUGSFLYyg5DECptx/2ToN2/RWJnqC7rLsJNAT8uuFECFFJWri6HCLu2EMRjeu8qtGET90MjeDe1GeZg4Hmo3iMoVv+aPwCdJMCYVNsZZVP4Mr1PhEtQkFFjbDvyMOjkYkkLhoBQ6ixmIPvSwXVANCdpOPooz4FVngVKeoeFS8ZGIPzdySKy9S+JiMgG6sX+9ofif13bUPezkUmeOUIvhIZIKR4esMLLoCfm1NEgEw8+RS80FGCBCIzkIUYiuKK5U9BH8TT9JLvdqQb22f16vHB2Pm1lgW2yb7bCAHbAjdsrOWIMJds8e2RN79h68F+/Ve/senfLGO5vsF7z3Lw1joIc=</latexit>

Kk = �⇤g + · · · |g=ḡsc
k

<latexit sha1_base64="gWr5I/GhxHjpffsKMoYXxhaJ7bo="></latexit>

Kk �n(k) = Fn(k) �n(k)

<latexit sha1_base64="3uu2PfLufz6zmpcx6ef2IZsYUqE=">AAACK3icbVDLSsRAEJz4XNfXqkcvg4uglyWRFQURFgURvCi4KmyW0BlbHXYyCTMdQcJ+ip/gV3jVkydFj/6HSVzEV52Kqm66usJESUuu++wMDY+Mjo1XJqqTU9Mzs7W5+RMbp0ZgW8QqNmchWFRSY5skKTxLDEIUKjwNe7uFf3qNxspYH9NNgt0ILrW8kAIol4Lahh8BXQlQ2UE/6HF/yxdXMtArvdVt/mXt9UvluxvU6m7DLcH/Em9A6myAw6D25p/HIo1Qk1BgbcdzE+pmYEgKhf2qn1pMQPTgEjs51RCh7Wblg32+nFqgmCdouFS8FPH7RgaRtTdRmE8Wme1vrxD/8zopXWx2M6mTlFCL4hBJheUhK4zMm0N+Lg0SQZEcudRcgAEiNJKDELmY5lVW8z6839//JSdrDa/ZWD9q1ls7g2YqbJEtsRXmsQ3WYvvskLWZYLfsnj2wR+fOeXJenNfP0SFnsLPAfsB5/wA6AKab</latexit>

{Fn(k)}n=1,2,...

<latexit sha1_base64="zeuFSkO/DV/Ajajd4KVInY/TGN0=">AAACFnicbVA9S8RAEN34eZ5fp5Y2i4egICE5FG2EQ0EsFTwVLkeYrKMut9mE3YkgIb0/wV9hq5Wd2Npa+F9Mziv8etXjvRnmzYtSJS153rszMjo2PjFZm6pPz8zOzTcWFk9tkhmBHZGoxJxHYFFJjR2SpPA8NQhxpPAs6u9X/tkNGisTfUK3KfZiuNLyUgqgUgobK0EexEDXAlR+UIR6rb8eFGGu+S73N1obrusWYaPpud4A/C/xh6TJhjgKGx/BRSKyGDUJBdZ2fS+lXg6GpFBY1IPMYgqiD1fYLamGGG0vH/xS8NXMAiU8RcOl4gMRv2/kEFt7G0flZJXb/vYq8T+vm9HlTi+XOs0ItagOkVQ4OGSFkWVJyC+kQSKokiOXmgswQIRGchCiFLOytXrZh//7+7/ktOX6m+7W8WazvTdspsaW2QpbYz7bZm12yI5Yhwl2xx7YI3ty7p1n58V5/RodcYY7S+wHnLdPV6adwA==</latexit>

{�n(k)}n=1,2,...

<latexit sha1_base64="VrZkTGb91Ba4wg+6OmhoQCQNUxE=">AAACD3icbVC7SgNBFJ31GeMraplmMAgRwrIrijZC0MYygnlANiyzk5tkyOzsMnNXCEsKP8GvsNXKTmz9BAv/xU1MoYmnOpxzL/eeE8RSGHScT2tpeWV1bT23kd/c2t7ZLeztN0yUaA51HslItwJmQAoFdRQooRVrYGEgoRkMryd+8x60EZG6w1EMnZD1legJzjCT/ELRSz0+EL4qD4+9sZ8qekndyknFtu2xXyg5tjMFXSTujJTIDDW/8OV1I56EoJBLZkzbdWLspEyj4BLGeS8xEDM+ZH1oZ1SxEEwnnYYY06PEMIxoDJoKSaci/N5IWWjMKAyyyZDhwMx7E/E/r51g76KTChUnCIpPDqGQMD1kuBZZO0C7QgMim3wOVCjKmWaIoAVlnGdiktWVz/pw59MvksaJ7Z7aZ7enperVrJkcKZJDUiYuOSdVckNqpE44eSBP5Jm8WI/Wq/Vmvf+MLlmznQPyB9bHN3qhmpY=</latexit>

Spectral flow



Running Gravitational Effective Average Action

Running self-consistent metrics

Running spectra

tadpole 
condition

effective Einstein 
equation

Generic solutions                will depend on the RG scale :k

Self-consistent 
geometries

Background Independence: 
-dynamics on all backgroundshμν

or

Remark

the dynamics determines the expectation 
value of the metric s.t. the fluctuations are "as 
content as possible” about it

all the expectation values have a nontrivial 
(indirect) dependence on the background, 
which is kept completely arbitrary

hĝµ⌫iḡ ⌘ ḡµ⌫ + hĥµ⌫iḡ

<latexit sha1_base64="VfNlI/CPKkr9dx44nPI6tazV4c8="></latexit>

hĥµ⌫iḡ = 0 () hĝµ⌫iḡ = ḡµ⌫ for ḡ = ḡsck

<latexit sha1_base64="tY97NLahrI3/eY22OY/OInz5iYQ="></latexit>

�

�hµ⌫(x)
�k [h; ḡ]

����
h=0, ḡ=ḡsc

k

= 0

<latexit sha1_base64="vGbnM7ryxD/DKgE7eQAIhSbhr8g="></latexit>

(ḡsck )µ⌫

<latexit sha1_base64="reEOCwptoT0usbXKhivKBUAc7Lg=">AAACGnicbVC7TsNAEDzzJrwClDQnIhA0kY2CoETQUIJEACkO1vrYhFPOZ+tuDymy/Ad8Al9BCxUdoqWh4F9wQgpeU41mdrU7E2dKWvL9d29sfGJyanpmtjI3v7C4VF1eObepMwKbIlWpuYzBopIamyRJ4WVmEJJY4UXcOxr4F7dorEz1GfUzbCfQ1bIjBVApRdXNUGGHtsIYDO9Gvas8t6IoQiO7N7Qd5WHieKhdEVVrft0fgv8lwYjU2AgnUfUjvE6FS1CTUGBtK/AzaudgSAqFRSV0FjMQPehiq6QaErTtfJin4BvOAqU8Q8Ol4kMRv2/kkFjbT+JyMgG6sb+9gfif13LU2W/nUmeOUIvBIZIKh4esMLIsCvm1NEgEg8+RS80FGCBCIzkIUYqubK5S9hH8Tv+XnO/Ug0Z997RROzgcNTPD1tg622IB22MH7JidsCYT7I49sEf25N17z96L9/o1OuaNdlbZD3hvn8UqoYA=</latexit>

k 7!
⇣
�k, (ḡ

sc
k )µ⌫

⌘

<latexit sha1_base64="n8uylWTL/hB2lwnze9JklXm625k="></latexit>

Running effective field equations

Quantum waves: spectral flow1



eigenvalue 
problem

spectral flow

k �k[h; ḡ] =
1

16⇡ G(k)

Z
d4x

p
�g

⇣
R(g)� 2⇤(k)

⌘����
g=ḡ+h

+ · · ·

<latexit sha1_base64="H/qy3Iifsma7hr7JALgA2CDWv3k="></latexit>

Rµ⌫ � 1

2
Rgµ⌫ + ⇤(k)gµ⌫ = 0

<latexit sha1_base64="UmVow3nI2o/OBJBEV/sKOBqc/UM="></latexit>

e.g. gµ⌫ ⇠ S4(Lsc(k))

<latexit sha1_base64="TIN2xV60wQDRwU01oYwgIb2U+fI="></latexit>

�⇤ḡsc
k

�nm(x; k) = Fn(k) �nm(x; k)

<latexit sha1_base64="2sPZWX2aLYQshZk5IKvXqmdYKFw="></latexit>

k 7! {Fn(k)}

<latexit sha1_base64="t4Bbw1aFFBQpneOKohEwcOVv8ms=">AAACHnicbVA9SwNBEN3z2/gVtbRZDIJahDtRtBQFsYxgYiAXwtw6iUv29o7dOUGO/Ad/gr/CVis7sdXC/+JeTKHRqd68N8O8eVGqpCXf//AmJqemZ2bn5ksLi0vLK+XVtYZNMiOwLhKVmGYEFpXUWCdJCpupQYgjhVdR/7TQr27RWJnoS7pLsR1DT8uuFECO6pR3+zyMIbWU8FBhl8LctXQjQOVng47m2/2d0MjeDYWDTrniV/1h8b8gGIEKG1WtU/4MrxORxahJKLC2FfgptXMwJIXCQSnMLKYg+tDDloMaYrTtfPjTgG9lFpypFA2Xig9J/LmRQ2ztXRy5ycKwHdcK8j+tlVH3qJ1LnWaEWhSHSCocHrLCSBcW8mtpkAgK58il5gIMEKGRHIRwZObSK7k8gvHv/4LGXjXYrx5c7FeOT0bJzLENtsm2WcAO2TE7ZzVWZ4Lds0f2xJ69B+/Fe/XevkcnvNHOOvtV3vsXTkuixQ==</latexit>

Concretely:Running Gravitational Effective Average Action

Running self-consistent metrics
Running effective field equations

Running spectra

Quantum waves: spectral flow1



Cutoff modes (COMs):

COMs are a valuable link between the bare off-shell world under 
the path integral and the effective level of the on-shell expectation 
values.  

The cutoff modes are located precisely at the threshold between 
“already integrated out at RG scale”, and “not yet integrated out” if 
the fluctuations propagate on a background which is self-consistent at 
that given . k

           with

Remarks

�nCOM(k)
(x)

<latexit sha1_base64="G/5PCX5yuqDtm7KAcPruXUmPS3k=">AAACD3icbVC7TsNAEFzzJrwClGlOREihiWwEghKRhgYBEglIcWSdjwVOOZ+tuzUislzwCXwFLVR0iJZPoOBfsEMKXlONZna1OxMmSlpy3XdnbHxicmp6ZrYyN7+wuFRdXunYODUC2yJWsTkPuUUlNbZJksLzxCCPQoVnYb9V+mc3aKyM9SkNEuxF/ErLSyk4FVJQrfniWgaZDjKf8Jay1tFh3uhv5HnjdiOo1t2mOwT7S7wRqcMIx0H1w7+IRRqhJqG4tV3PTaiXcUNSKMwrfmox4aLPr7BbUM0jtL1sGCJn66nlFLMEDZOKDUX8vpHxyNpBFBaTEadr+9srxf+8bkqXu71M6iQl1KI8RFLh8JAVRhbtILuQBol4+TkyqZnghhOhkYwLUYhpUVel6MP7nf4v6Ww2va3m9slWfW9/1MwM1GANGuDBDuzBARxDGwTcwQM8wpNz7zw7L87r1+iYM9pZhR9w3j4BbeWcbw==</latexit>

Fn(k)|n=nCOM(k) = k2

<latexit sha1_base64="GUL9hldo0RxTHgVKSt5LZr0z7zM="></latexit>

Quantum waves: spectral flow1



Trajectory of the Type IIIaRG trajectory:

We restrict the analysis to pure quantum gravity, 
or matter-coupled gravity in a vacuum 

dominated regime. 
Turning point

semiclassical

fixed point

Caricature trajectory

�k[h; ḡ] =
1

16⇡ G(k)

Z
d4x

p
�g

⇣
R(g)� 2⇤(k)

⌘����
g=ḡ+h

+ · · ·

<latexit sha1_base64="XbxqKCc0aDkQFauNN86fDqXAEhg="></latexit>

Quantum waves: spectral flow1



Limitations on the 
distinguishability of 

spacetime points

self-consistent spheres

Less DOFs in the UV!

nmax(kT)

Resolution

S4(Lsc(k))

<latexit sha1_base64="zT39pO4u65OSD5+QQbn4PEVi5tM=">AAACAHicbVC7TsNAEDyHVwivACXNiQgpaSIbBUEZQUNBEQR5SIkTnS+bcMr5bN2tkSIrDV9BCxUdouVPKPgXHOMCAlONZna1s+OFUhi07Q8rt7S8srqWXy9sbG5t7xR391omiDSHJg9koDseMyCFgiYKlNAJNTDfk9D2Jhdzv30P2ohA3eI0BNdnYyVGgjNMpP5Nv1a+6seGz8qTSmVQLNlVOwX9S5yMlEiGxqD42RsGPPJBIZfMmK5jh+jGTKPgEmaFXmQgZHzCxtBNqGI+GDdOU8/oUWQYBjQETYWkqQg/N2LmGzP1vWTSZ3hnFr25+J/XjXB05sZChRGC4vNDKCSkhwzXIqkD6FBoQGTz5ECFopxphghaUMZ5IkZJP4WkD2fx+7+kdVx1atWT61qpfp41kycH5JCUiUNOSZ1ckgZpEk40eSRP5Nl6sF6sV+vtezRnZTv75Bes9y+t9pX9</latexit>

Fn ⇠ n2/L2

<latexit sha1_base64="dK6kErczKZz2nPVL4LJcIomO/qE=">AAACDnicbVDLSgNBEJz1GeMr6k0vg0HwFHdDRI+iIB48RDAq5EXv2IlDZmeXmV5BloCf4Fd41ZM38eovePBf3F1z0Gidiqpuurr8SElLrvvhTExOTc/MFuaK8wuLS8ulldULG8ZGYEOEKjRXPlhUUmODJCm8igxC4Cu89AdHmX95i8bKUJ/TXYTtAPpa9qQASqVuab0VAN0IUMnxsKt5y8qA605157RT7ZbKbsXNwf8Sb0TKbIR6t/TZug5FHKAmocDapudG1E7AkBQKh8VWbDECMYA+NlOqIUDbTvIfhnwrtkAhj9BwqXgu4s+NBAJr7wI/ncwS23EvE//zmjH19tuJ1FFMqEV2iKTC/JAVRqblIL+WBokgS45cai7AABEayUGIVIzTtoppH97493/JRbXi1Sq7Z7XyweGomQLbYJtsm3lsjx2wE1ZnDSbYPXtkT+zZeXBenFfn7Xt0whntrLFfcN6/ALOum2s=</latexit>

nCOM(k) ⇠ k Lsc(k)

<latexit sha1_base64="WzW02oC76HOoCPoholCRUxA5uc8=">AAACF3icbVC7TsNAEDzzDOEVoKQ5ESFBE9kIBBINIg0FiCCRgBSH6HzZwCnns3W3RkRWPoBP4CtooaJDtJQU/AtnkwICU41mZrW7E8RSGHTdD2dsfGJyarowU5ydm19YLC0tN0yUaA51HslIXwbMgBQK6ihQwmWsgYWBhIugV838i1vQRkTqHPsxtEJ2rURXcIZWapfKqu0j3GFaPT0Z0I3eJvWNCGmP+vvHV6nhAyvZlFtxc9C/xBuSMhmi1i59+p2IJyEo5JIZ0/TcGFsp0yi4hEHRTwzEjPfYNTQtVSwE00rzZwZ0PTEMIxqDpkLSXISfEykLjemHgU2GDG/MqJeJ/3nNBLt7rVSoOEFQPFuEQkK+yHAtbEtAO0IDIssuByoU5UwzRNCCMs6tmNjairYPb/T7v6SxVfG2Kztn2+WDw2EzBbJK1sgG8cguOSBHpEbqhJN78kieyLPz4Lw4r87bd3TMGc6skF9w3r8AhAmecg==</latexit>

2⇡/nCOM(k)

<latexit sha1_base64="773Yoxs9vqPlMnXnYcr3uM1xQ0o=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4kJNrhLMFoSaWyMmMgjAUJmhwtOmJ3dzNw14oYf8CtstbIztv6Fhf/ighQKnurknHtzzz1eKIVBx/m0UguLS8sr6dXM2vrG5pa9vVMzQaQ5VHkgA93wmAEpFFRRoIRGqIH5noS6NyiP/fodaCMCdYPDENo+6yvRE5xhInXsvUIrFMeq00K4x7h8dTnKDY46dtbJOxPQeeJOSZZMUenYX61uwCMfFHLJjGm6TojtmGkUXMIo04oMhIwPWB+aCVXMB9OOJ+lH9DAyDAMagqZC0okIvzdi5hsz9L1k0md4a2a9sfif14ywd9aOhQojBMXHh1BImBwyXIukFqBdoQGRjZMDFYpyphkiaEEZ54kYJT1lkj7c2e/nSa2Qd4v5k+titnQ+bSZN9skByRGXnJISuSAVUiWcPJAn8kxerEfr1Xqz3n9GU9Z0Z5f8gfXxDVk4mRc=</latexit>

Euclidean

Minimal 
length



Timelike vs. spacelike fluctuation modes 

Path integral 
approach

How to integrate out negative/positive momentum squared modes in the flow equation?

Piecemeal integrating out of modes that underlies  as a 
procedure of performing the basic path integral in a stepwise 
fashion, rather than solving a flow equation.

Γk

Trajectories used Einstein-Hilbert truncation 

However: experimental settings might 
suggest a specific choice.

Lorentzian

There is ambiguity, no unique right choice.

Observer-dependent RG.



Rigid de Sitter Space (off-shell)

Conformal coordinates:

Eigenvalue equation:

Eigenfunctions:

Eigenvalues:
Bessel functions

�⇤dS4 �⌫,p(⌘,x) = F⌫ �⌫,p(⌘,x)

<latexit sha1_base64="GXXE9+YvjWgSKEDZT6lg54ODjX4="></latexit>

v00⌫,p(⌘) +


p2 � ⌫2 � 1/4

⌘2

�
v⌫,p(⌘) = 0

<latexit sha1_base64="3iWJqhr/Cb8QsINL2XmiMymlLaw="></latexit>

�⌫,p(⌘,x) = �⌘ v⌫,p(⌘) e
ip·x ,

<latexit sha1_base64="lpzQ6PJkVSWrb+2FnaZF2N/gGCs="></latexit>

v⌫,p(⌘) = (p |⌘|)1/2
"
Ap J⌫ (p |⌘|) +Bp Y⌫ (p |⌘|)

#

<latexit sha1_base64="brWmtVPVU5rou7INOW2CdYOyz5w="></latexit>

F⌫ =

✓
⌫
2 � 9

4

◆
H

2
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ds2 = b(⌘)2
⇥
�dt2 + dx2

⇤
=

�dt2 + dx2

H2 ⌘2
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The  planeν-p

Lorentzian



Evolving COM quantum numbers

Classical ∼ k2

Quantum
What can we conclude 
about the resolution?

Spacelike

Timelike

Lorentzian



EFT and cutoff modes

Effective quantum geometry at scale k
Which are the geometrical features that are displayed by the “on-shell’" mean field configurations?

Are there structures which have a size that is comparable to the length scale at which  defines a  
“good effective field theory”?

Γk

Resolving structures on a time slice: effective spatial geometry

Impose conditions on the space of detectable modes 
inspired by experimental setting

For every fixed time  and scale  the modes possess unlimited resolving power for spatial structures on the 
respective 3D time slice of the dS manifold.

η k

We have no way of controlling the -dependence of the modes if we use up all our 
freedom by optimizing the spatial resolution. 

η

Lorentzian



The characteristic COM proper lengths

Proper wavelength

Transition wavelength It is the largest possible proper wavelength a cutoff mode 
can posses in the harmonic regime.

depends on , it is independent of k η

Near the turning point

Consider the ratio: 

Lp(⌘, k) ⌘ bk(⌘) �xp =
2⇡

|⌘| p H(k)
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L+
COM (k) ⌧ LH(k)
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Lorentzian



Lorentzian

Two models

MODEL A 
For every fixed k, only η-independent cutoff 

modes and combinations thereof are registered. 
All observed structures of field configurations are 

strictly time independent.

The modes selected in this model are a 
generalization of the familiar sub-horizon modes 
on classical de Sitter spacetime. They are solutions 
to the Klein-Gordon equation, and yet are almost 

unaffected by curvature effects.

Lp  L+
COM

(k)

<latexit sha1_base64="TBSweXXlGft22oqblEXXPF6jfeo=">AAACDHicbVDLSgNBEJyNrxhfUS+Cl8EgRISwKxE9BnPxEDGCeUASl9lJJw6ZfTjTK4Rl/QS/wquevIlX/8GD/+Im5qCJdSqquumucgIpNJrmp5Gam19YXEovZ1ZW19Y3sptbde2HikON+9JXTYdpkMKDGgqU0AwUMNeR0HAG5ZHfuAelhe9d4zCAjsv6nugJzjCR7OxOxQ7aEu5o5ebQjqLy5UUc0/zggNrZnFkwx6CzxJqQHJmgame/2l2fhy54yCXTumWZAXYiplBwCXGmHWoIGB+wPrQS6jEXdCcaJ4jpfqgZ+jQARYWkYxF+b0TM1XroOsmky/BWT3sj8T+vFWLvtBMJLwgRPD46hELC+JDmSiTVAO0KBYhs9DlQ4VHOFEMEJSjjPBHDpKtM0oc1nX6W1I8KVrFwfFXMlc4mzaTJLtkjeWKRE1Ii56RKaoSTB/JEnsmL8Wi8Gm/G+89oypjsbJM/MD6+ATbYmgA=</latexit>

This model comes close to the ideal of reducing the 
wealth of physical patterns to the eternal geometric 

properties one would ascribe to 3D space.

MODEL B 
For every fixed k, only cutoff modes in the harmonic 

regime, and combinations thereof are registered.



Coherence length and fragmentation of space

Coherence 
length

Patterns observed in the Universe should display a maximum size which is significantly smaller than the 
Hubble radius (CAUSALITY).

Physics and geometry is well described within a patch 
by one of the effective field theories .{Γk}k≥0

Lorentzian

Lp  L+
COM (k) ⌧ LH(k)
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How many of those 
“COM boxes" would 
fit into one Hubble 

volume?

Nb(k) =

✓
LH(k)

L+
COM (k)

◆3

=
1
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2 +

3

�(k)

�3/2
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inter-domain 
entropy 

Nmax
b ⇡ 1090
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Running relational observables

  



Running relational observables2

Diffeomorphism-invariant observables

Example: The Ricci scalar

M

𝒫

Can I measure the 
curvature at that point?

Try to specify the point  
 where a particular event 

happens.
𝒫 The scalar curvature 

at  is then an 
observable!
𝒫

R(x)?
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In GR there are no local diffeomorphism-invariant observables:

However, if     denotes the 
(spacetime) position of a particle, 

a diffeomorphism will map  

R(x) 7! ' ⇤R(x)
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X 7! '�1(X)
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Thus           at the position of the 
particle, is diffeomorphism 

invariant, and hence observable.

R(X) 7! ' ⇤R('�1(X)) = R(X)
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R(X)
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Running relational observables2

Physical reference system

Construct a physical coordinate frame, s.t. composed 
transformation leaves the tensor invariant.

add matter fields

Composite 
operators 

 as  
running 

observables

Asymptotic 
Safety

Relational 
observables

Universality of the 
critical exponents



Running relational observables2

Composite operators

Z
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The critical exponents do not depend on the cutoff scheme, they are universal.
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Concrete method to compute expectation values of observables.

Observables require information about operators which are not taken into account in a truncated EAA. 

One can couple them to an external source so that it can be inserted into correlation functions. 



Running relational observables2

Flow of the relational observables
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Flow equation of the relational EAA

Relational EAA

�rel.
k ⌘

Z
d4x ẽ(x)Lrel.

k (x) :=

Z
d4x ẽ(x)

X

i

aÎi
(k)OÎi(x)
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X̂ µ̂(x) = x̂µ̂
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xµ = Xµ(x̂)
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eµ̂µ(x) = @µX̂
µ̂(x)
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ẽ = det eµ̂µ

<latexit sha1_base64="WR4wyxqZLkNTAJy0jFa0Pn77/bQ=">AAACF3icbVC7SgNBFJ31bXxFLW0Gg2AVdkXRRhBtLCOYKGTXcHf2Jhky+2DmrhCWfICf4FfYamUntpYW/ouzMYWvUwyHc+7lzjlhpqQh1313pqZnZufmFxYrS8srq2vV9Y2WSXMtsClSlerrEAwqmWCTJCm8zjRCHCq8CgdnpX91i9rINLmkYYZBDL1EdqUAslKnWuPcJ6ki5MiPuR8hcbwp/D4Q9+N81LFPxU65dXcM/pd4E1JjEzQ61Q8/SkUeY0JCgTFtz80oKECTFApHFT83mIEYQA/bliYQowmKcZgR38kNUMoz1FwqPhbx+0YBsTHDOLSTMVDf/PZK8T+vnVP3KChkkuWEiSgP2eA4PmSElrYl5JHUSATlz5HLhAvQQIRachDCirmtrezD+53+L2nt1b39+sHFfu3kdNLMAtti22yXeeyQnbBz1mBNJtgde2CP7Mm5d56dF+f1a3TKmexssh9w3j4BSNGeWA==</latexit>
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Running relational observables2

Application

1

2

3

4

'µ̂ = X̂ µ̂

<latexit sha1_base64="cU4aOVK2p+a7LfL0x57KoOpE0gg=">AAACGnicbVC7TsNAEDzzDOEVoKQ5EYGoIhsFQYMUQUMZJPKQ4hCtLxty4vzQ3TpSZOUP+AS+ghYqOkRLQ8G/4JgUIWGq0cyudme8SElDtv1lLSwuLa+s5tby6xubW9uFnd26CWMtsCZCFeqmBwaVDLBGkhQ2I43gewob3sPV2G8MUBsZBrc0jLDtw30ge1IApVKncOQOQEd9eZe4fSDu+vGIX/CMN6e0TqFol+wMfJ44E1JkE1Q7hW+3G4rYx4CEAmNajh1ROwFNUigc5d3YYATiAe6xldIAfDTtJMsz4oexAQp5hJpLxTMRpzcS8I0Z+l466QP1zaw3Fv/zWjH1ztuJDKKYMBDjQyQVZoeM0DItCnlXaiSC8efIZcAFaCBCLTkIkYpx2lw+7cOZTT9P6iclp1w6vSkXK5eTZnJsnx2wY+awM1Zh16zKakywR/bMXtir9WS9We/Wx+/ogjXZ2WN/YH3+AJb7oMI=</latexit>

�rel.
k =

Z
d4x ẽ
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<latexit sha1_base64="IH1sS7hoiqhMjsArbpVHP8eep+k="></latexit>
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Small quantum 
corrections
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◆
+ gauge fixing and ghosts . . .

<latexit sha1_base64="kCwhNwrzVuR2ST2Uyrc8apPWKpM="></latexit>

Relational curvature

Relational metricVolume term
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Let us suppose that we have an asymptotically safe theory of 
quantum gravity.

How can we make contact with 
observables or make predictions?

How can we characterize the quantum 
geometry of spacetime?

We need to take into account the 
backreaction of a scaling spacetime

We need some “reference”: matter, 
fixed volume, boundary,…

We need to adapt how we integrate 
out to the experimental setting

Scaling depends on the physical 
reference (also via gauge fixing)


