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• Local Lorentz symmetry is a fundamental symmetry of laws of physics.


• Time and space are similar enough to be mixed in Lorentz transformations, 
and yet dissimilar enough to be clearly separated in the Lorentz signature.


• Nothing wrong with that. But can it be explained on a deeper level of 
analysis?
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• Local Lorentz symmetry is a fundamental symmetry of laws of physics.


• Time and space are similar enough to be mixed in Lorentz transformations, 
and yet dissimilar enough to be clearly separated in the Lorentz signature.


• Nothing a priori wrong with that. But can we try to explain it on a deeper 
level of analysis?



Outline
• Part 1: a quantum gravity path integral based on spectral geometry. 

• Gravity + free fermions and free bosons,


• Computable observables: effective dimension, expected volume and 
number of degrees of freedom of the expected spacetime.


• Part 2: added interactions,


• Gravity + interacting fermions and bosons,


• Change of effective signature via a field fluctuations-induced disorder for the 
geometry,


• —> Anderson localization of space into time, dynamical Wick Rotation.



Part 1:

 A QG path integral based on spectral 

geometry
Based on: M. Reitz, B. Šoda, and A. Kempf, Phys. Rev. Lett. 131, 211501 (2023).



• In the low-energy picture, a spacetime manifold is hosting matter, in the 
form of quantum fields.


• Could this picture emerge from a “pre-geometric” regime?


• Could it emerge multiple times, at different energy scales, with different 
spacetime dimensions?



• Challenge: to find a mathematical framework that can describe both 
regimes: geometric and pre-geometric.


• We choose path integral: need to make it independent of position basis 
(with the goal of having a chance at leaving the geometric regime)



• What is the action?
<latexit sha1_base64="UrR2GBjMtIZb+ZjFDUhjOb3LLz4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiol6EohePldoPaEPYbDft0s0m7m4KJfR3ePGgiFd/jDf/jZs2B219MPB4b4aZeX7MmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/ugu89tjKhWLxKOexNQN8UCwgBGsjeQ2bhre4KzhBaZ8r1yxq/YMaJk4OalAjrpX/ur1I5KEVGjCsVJdx461m2KpGeF0WuolisaYjPCAdg0VOKTKTWdHT9GJUfooiKQpodFM/T2R4lCpSeibzhDroVr0MvE/r5vo4NpNmYgTTQWZLwoSjnSEsgRQn0lKNJ8Ygolk5lZEhlhiok1OJROCs/jyMmmdV53Lqv1wUand5nEU4QiO4RQcuIIa3EMdmkDgCZ7hFd6ssfVivVsf89aClc8cwh9Ynz9XP5Es</latexit>

S = Sg + Sf + SbGravity, free fermions, free bosons:

• Signature: Euclidean — mathematical tools available (Hawking-Gilkey formula).

A quantum gravity path integral: gravity action



• What is the action?
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S = Sg + Sf + Sb

• Gravitational action: 

<latexit sha1_base64="+Au+hU4ZNazBIxm/seFAkKCGV6Y="></latexit>
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◆P. B. Gilkey, J. Diff. Geom. 10, 601 (1975)

Gravity, free fermions, free bosons:

Number of eigenvalues of the Laplacian operator below the UV cutoff           
<latexit sha1_base64="EMM9m23fXwgbttpgVXhfcJ07VxQ=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeiFw8eKlhbaEPZbDbt0s0m7L4IJfRHePGgiFd/jzf/jds2B20dWBhm5rHvTZBKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphlvsUQmuhNQw6VQvIUCJe+kmtM4kLwdjG6mfvuJayMS9YDjlPsxHSgRCUbRSu3enY2GtF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hy27oScWCUkUaLtU0hm6u+JnMbGjOPAJmOKQ7PoTcX/vG6G0ZWfC5VmyBWbfxRlkmBCpreTUGjOUI4toUwLuythQ6opQ9tQxZbgLZ68TB7P6t5F3b0/rzWuizrKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+djHi05xcwh/IHz+QMNS49i</latexit>

⇤

• How do we formulate the SS?  
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• Signature: Euclidean — mathematical tools available (Hawking-Gilkey formula).

A quantum gravity path integral: gravity action



A quantum gravity path integral: gravity action

• What is the action?
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• Gravitational action: 
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<latexit sha1_base64="m+gaEGZo8cNNdjXfPiXaK3VVZMM=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MWTRDQP2CxhdjKbDJnHMjMrhJDP8OJBEa9+jTf/xkmyB40WNBRV3XR3xSlnxvr+l1dYWl5ZXSuulzY2t7Z3yrt7TaMyTWiDKK50O8aGciZpwzLLaTvVFIuY01Y8vJ76rUeqDVPywY5SGgnclyxhBFsnhffdPrpEHZGh22654lf9GdBfEuSkAjnq3fJnp6dIJqi0hGNjwsBPbTTG2jLC6aTUyQxNMRniPg0dlVhQE41nJ0/QkVN6KFHalbRopv6cGGNhzEjErlNgOzCL3lT8zwszm1xEYybTzFJJ5ouSjCOr0PR/1GOaEstHjmCimbsVkQHWmFiXUsmFECy+/Jc0T6rBWdW/O63UrvI4inAAh3AMAZxDDW6gDg0goOAJXuDVs96z9+a9z1sLXj6zD7/gfXwDpB+QLw==</latexit>

Sg = µN

<latexit sha1_base64="nX5+iaJL1EwYSjzJy6Gd12/DTX0=">AAACFnicbVDJSgNBEO1xjXGLevTSGIR4MMyIqBch6MVjxGyQCaGnU5M06VnorhHDkK/w4q948aCIV/Hm39hZDpr4oODxXhVV9bxYCo22/W0tLC4tr6xm1rLrG5tb27md3ZqOEsWhyiMZqYbHNEgRQhUFSmjECljgSah7/euRX78HpUUUVnAQQytg3VD4gjM0Ujt3fNfu0kvqBgl1ER4widOKGroSfCwYlWHP81Nn6CrR7eFRO5e3i/YYdJ44U5InU5TbuS+3E/EkgBC5ZFo3HTvGVsoUCi5hmHUTDTHjfdaFpqEhC0C30vFbQ3polA71I2UqRDpWf0+kLNB6EHimc3SonvVG4n9eM0H/opWKME4QQj5Z5CeSYkRHGdGOUMBRDgxhXAlzK+U9phhHk2TWhODMvjxPaidF56xo357mS1fTODJknxyQAnHIOSmRG1ImVcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/pg6fEw==</latexit>

Sg = µTr (1)

<latexit sha1_base64="0RWudUUqvgGawzYwAdhIsMYwdwA=">AAACCXicbVDLSsNAFL2pr1pfUZduBovgqiQi1Y1QdOPCRQX7gCaUyXTSDp1MwsxEKCFbN/6KGxeKuPUP3Pk3TtsstHrgwuGce2fuPUHCmdKO82WVlpZXVtfK65WNza3tHXt3r63iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw19Tv3VCoWizs9Sagf4aFgISNYG6lvIy9K0QXyQolJVvcSlmdegGXm3Zg3BjjP+3bVqTkzoL/ELUgVCjT79qc3iEkaUaEJx0r1XCfRfoalZoTTvOKliiaYjPGQ9gwVOKLKz2aX5OjIKAMUxtKU0Gim/pzIcKTUJApMZ4T1SC16U/E/r5fq8NzPmEhSTQWZfxSmHOkYTWNBAyYp0XxiCCaSmV0RGWETijbhVUwI7uLJf0n7pObWa87tabVxWcRRhgM4hGNw4QwacA1NaAGBB3iCF3i1Hq1n6816n7eWrGJmH37B+vgGWnmaJA==</latexit>
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• Signature: Euclidean — mathematical tools available (Hawking-Gilkey formula).

Gravity, free fermions, free bosons:

Number of eigenvalues of the Laplacian operator below the UV cutoff           
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⇤

• How do we formulate the SS?  
<latexit sha1_base64="UPXcsHJ5wWl//Osbh29Xo4FL3OM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8dK7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnshHM07Rj2kkecgZNVZqNPpRv1xxq+4cZJV4OalAjnq//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeONPuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbQuqt5V1X24rNRu8ziKcAKncA4eXEMN7qEOTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AEm0I22</latexit>

Sg

• Take Gilkey’s formula as the action for gravity:

“gravitational action is the number of Laplacian’s eigenvalues on the manifold below a UV cutoff”

• Basis independently:



Visual aid for the Gilkey formula

• N-dimensional compact manifold,

• Second order differential operator,

• -> The formula is valid.
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Action for free fermions and bosons:

• Gravity action: dimension of Laplacian operator’s Hilbert space 

    on a compact Riemannian manifold with a UV cutoff: 

• Free bosons: Klein-Gordon fields

<latexit sha1_base64="QPGhvhZCi8s43YM32GQJTzONgN0=">AAACGHicbVBNS8NAEN34WetX1aOXxSLUS01E1GPRi8eKVoWmlM120i5ukmV3IpbQn+HFv+LFgyJee/PfuKk5qPXBwOO9GWbmBUoKg6776czMzs0vLJaWyssrq2vrlY3Na5OkmkOLJzLRtwEzIEUMLRQo4VZpYFEg4Sa4O8v9m3vQRiTxFQ4VdCLWj0UoOEMrdSv7l90+9ZVOFCbUR3jAVGVXeuRLCLFG/YjhIAgzb+Rr0R/gXrdSdevuBHSaeAWpkgLNbmXs9xKeRhAjl8yYtucq7GRMo+ASRmU/NaAYv2N9aFsaswhMJ5s8NqK7VunRMNG2YqQT9edExiJjhlFgO/NDzV8vF//z2imGJ51MxCpFiPn3ojCV1IaQp0R7QgNHObSEcS3srZQPmGYcbZZlG4L39+Vpcn1Q947q7sVhtXFaxFEi22SH1IhHjkmDnJMmaRFOHskzeSVvzpPz4rw7H9+tM04xs0V+wRl/AUj1oIw=</latexit>

Sg / Tr (1)



Action for free fermions and bosons:

• Gravity action: dimension of Laplacian operator’s Hilbert space 

    on a compact Riemannian manifold with a UV cutoff: 

• Free bosons: Klein-Gordon fields

<latexit sha1_base64="QPGhvhZCi8s43YM32GQJTzONgN0=">AAACGHicbVBNS8NAEN34WetX1aOXxSLUS01E1GPRi8eKVoWmlM120i5ukmV3IpbQn+HFv+LFgyJee/PfuKk5qPXBwOO9GWbmBUoKg6776czMzs0vLJaWyssrq2vrlY3Na5OkmkOLJzLRtwEzIEUMLRQo4VZpYFEg4Sa4O8v9m3vQRiTxFQ4VdCLWj0UoOEMrdSv7l90+9ZVOFCbUR3jAVGVXeuRLCLFG/YjhIAgzb+Rr0R/gXrdSdevuBHSaeAWpkgLNbmXs9xKeRhAjl8yYtucq7GRMo+ASRmU/NaAYv2N9aFsaswhMJ5s8NqK7VunRMNG2YqQT9edExiJjhlFgO/NDzV8vF//z2imGJ51MxCpFiPn3ojCV1IaQp0R7QgNHObSEcS3srZQPmGYcbZZlG4L39+Vpcn1Q947q7sVhtXFaxFEi22SH1IhHjkmDnJMmaRFOHskzeSVvzpPz4rw7H9+tM04xs0V+wRl/AUj1oIw=</latexit>

Sg / Tr (1)
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• In the Laplacian eigenbasis:
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Action for free fermions and bosons:

• Gravity action: dimension of Laplacian operator’s Hilbert space 

    on a compact Riemannian manifold with a UV cutoff: 

• Free bosons: Klein-Gordon fields

• Free fermions: Dirac fields
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Sg / Tr (1)

• Total action:
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<latexit sha1_base64="UrR2GBjMtIZb+ZjFDUhjOb3LLz4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiol6EohePldoPaEPYbDft0s0m7m4KJfR3ePGgiFd/jDf/jZs2B219MPB4b4aZeX7MmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/ugu89tjKhWLxKOexNQN8UCwgBGsjeQ2bhre4KzhBaZ8r1yxq/YMaJk4OalAjrpX/ur1I5KEVGjCsVJdx461m2KpGeF0WuolisaYjPCAdg0VOKTKTWdHT9GJUfooiKQpodFM/T2R4lCpSeibzhDroVr0MvE/r5vo4NpNmYgTTQWZLwoSjnSEsgRQn0lKNJ8Ygolk5lZEhlhiok1OJROCs/jyMmmdV53Lqv1wUand5nEU4QiO4RQcuIIa3EMdmkDgCZ7hFd6ssfVivVsf89aClc8cwh9Ynz9XP5Es</latexit>

S = Sg + Sf + Sb



<latexit sha1_base64="yqoT08EB84FLPLvj3a004e3NgLU="></latexit>
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Laplacian’s eigenvalues

• Full path integral:

Field components in the Laplacian eigenbasis

• Summing over: a) all possible Laplacian spectra (some are representable as manifolds, some are not),
b) all possible field values, given in the Laplacian eigenbasis,
c) all possible integer Hilbert space dimensions.

• Euclidean signature: thermal path integral, inverse temperature given by ss. 
<latexit sha1_base64="B7fUqCAdlQp1h/X7NSf6fq9tvIA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5vRAN7Vdrbt2dg6wSryA1KNDsV796g4RlMUrDBNW667mpCXKqDGcCp5VepjGlbEyH2LVU0hh1kM+PnZIzqwxIlChb0pC5+nsip7HWkzi0nTE1I73szcT/vG5mopsg5zLNDEq2WBRlgpiEzD4nA66QGTGxhDLF7a2EjaiizNh8KjYEb/nlVdK6qHtXdffhsta4LeIowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYtJacYuYY/sD5/AHFfI6p</latexit>

�

(With flat measures)



<latexit sha1_base64="yqoT08EB84FLPLvj3a004e3NgLU="></latexit>
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(N � 1)!

Laplacian’s eigenvalues

• Full path integral:

Field components in the Laplacian eigenbasis

• Summing over: a) all possible Laplacian spectra (some are representable as manifolds, some are not),
b) all possible field values, given in the Laplacian eigenbasis,
c) all possible integer Hilbert space dimensions.

• Euclidean signature: thermal path integral, inverse temperature given by ss. 
<latexit sha1_base64="B7fUqCAdlQp1h/X7NSf6fq9tvIA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5vRAN7Vdrbt2dg6wSryA1KNDsV796g4RlMUrDBNW667mpCXKqDGcCp5VepjGlbEyH2LVU0hh1kM+PnZIzqwxIlChb0pC5+nsip7HWkzi0nTE1I73szcT/vG5mopsg5zLNDEq2WBRlgpiEzD4nA66QGTGxhDLF7a2EjaiizNh8KjYEb/nlVdK6qHtXdffhsta4LeIowwmcwjl4cA0NuIcm+MCAwzO8wpsjnRfn3flYtJacYuYY/sD5/AHFfI6p</latexit>

�

• Relatively easy to evaluate analytically (Gaussian fields, though weakly interacting via gravity):

<latexit sha1_base64="tY62qpnHdsdV37KBVpBlT+NvY3Q="></latexit>

Z = C md�2exp


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d

� <latexit sha1_base64="z+6YSPYk05hm0Efg8W7900HjHIE="></latexit>
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Nf
2

�µ�maxwhere

(With flat measures)



• How do we get the effective dimension? From the probability distribution of eigenvalues:

<latexit sha1_base64="DmZ1LEBxr6lc2q069e1J6z66JLo="></latexit>
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Effective dimension of emergent spacetimes



• How do we get the effective dimension? From the probability distribution of eigenvalues:
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• whenever the         eigenfunctions are dominated by the spacetime 

dimension, not by curvature, then Weyl’s scaling law says:

<latexit sha1_base64="61O/VwjonDzO77oje/IpsMzpUhc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbRU0lE1GNRDx4r2A9oQtlsJ+3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwRXaNvfRmFpeWV1rbhe2tjc2t4xy7tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXE791D1LxOLrDUQJeSPsRDzijqKWuWXavQSB1ER4xTbIjNe6aFbtqT2EtEicnFZKj3jW/3F7M0hAiZIIq1XHsBL2MSuRMwLjkpgoSyoa0Dx1NIxqC8rLp6WPrUCs9K4ilrgitqfp7IqOhUqPQ150hxYGa9ybif14nxeDCy3iUpAgRmy0KUmFhbE1ysHpcAkMx0oQyyfWtFhtQSRnqtEo6BGf+5UXSPKk6Z1X79rRSu8zjKJJ9ckCOiUPOSY3ckDppEEYeyDN5JW/Gk/FivBsfs9aCkc/skT8wPn8Al8WUOA==</latexit>

�’s

<latexit sha1_base64="kSgHvB39FkCdG3CLs4MCqEskVcg=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSGVgZJUCBgrWBiLRB9SEyrHcVqrthPZDlIVdWThr7AwgBArP4GNf4PbZoCWkyyd7+6T/V2QMKq043xbC4tLyyurhbXi+sbm1ra9s9tUcSoxaeCYxbIdIEUYFaShqWaknUiCeMBIKxhcj/3WA5GKxuJODxPic9QTNKIYaSN17YOk7DETD9Ex9BTlML/dZ+Fp9cQdde2SU3EmgPPEzUkJ5Kh37S8vjHHKidCYIaU6rpNoP0NSU8zIqOiliiQID1CPdAwViBPlZ5NFRvDIKCGMYmmO0HCi/p7IEFdqyAOT5Ej31aw3Fv/zOqmOLv2MiiTVRODpQ1HKoI7huBUYUkmwZkNDEJbU/BXiPpIIa9Nd0ZTgzq48T5rVintecW7PSrWrvI4C2AeHoAxccAFq4AbUQQNg8AiewSt4s56sF+vd+phGF6x8Zg/8gfX5A7TSmH8=</latexit>

p(�) ⇠ �d/2�1

Effective dimension of emergent spacetimes



• How do we get the effective dimension? From the probability distribution of eigenvalues:
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• whenever the         eigenfunctions are dominated by the spacetime 

dimension, not by curvature, then Weyl’s scaling law says:

<latexit sha1_base64="61O/VwjonDzO77oje/IpsMzpUhc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbRU0lE1GNRDx4r2A9oQtlsJ+3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwRXaNvfRmFpeWV1rbhe2tjc2t4xy7tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXE791D1LxOLrDUQJeSPsRDzijqKWuWXavQSB1ER4xTbIjNe6aFbtqT2EtEicnFZKj3jW/3F7M0hAiZIIq1XHsBL2MSuRMwLjkpgoSyoa0Dx1NIxqC8rLp6WPrUCs9K4ilrgitqfp7IqOhUqPQ150hxYGa9ybif14nxeDCy3iUpAgRmy0KUmFhbE1ysHpcAkMx0oQyyfWtFhtQSRnqtEo6BGf+5UXSPKk6Z1X79rRSu8zjKJJ9ckCOiUPOSY3ckDppEEYeyDN5JW/Gk/FivBsfs9aCkc/skT8wPn8Al8WUOA==</latexit>

�’s

<latexit sha1_base64="kSgHvB39FkCdG3CLs4MCqEskVcg=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSGVgZJUCBgrWBiLRB9SEyrHcVqrthPZDlIVdWThr7AwgBArP4GNf4PbZoCWkyyd7+6T/V2QMKq043xbC4tLyyurhbXi+sbm1ra9s9tUcSoxaeCYxbIdIEUYFaShqWaknUiCeMBIKxhcj/3WA5GKxuJODxPic9QTNKIYaSN17YOk7DETD9Ex9BTlML/dZ+Fp9cQdde2SU3EmgPPEzUkJ5Kh37S8vjHHKidCYIaU6rpNoP0NSU8zIqOiliiQID1CPdAwViBPlZ5NFRvDIKCGMYmmO0HCi/p7IEFdqyAOT5Ej31aw3Fv/zOqmOLv2MiiTVRODpQ1HKoI7huBUYUkmwZkNDEJbU/BXiPpIIa9Nd0ZTgzq48T5rVintecW7PSrWrvI4C2AeHoAxccAFq4AbUQQNg8AiewSt4s56sF+vd+phGF6x8Zg/8gfX5A7TSmH8=</latexit>

p(�) ⇠ �d/2�1

• Probability distribution arising from the path integral, apply Weyl’s law:
<latexit sha1_base64="TYzaiGNVXS17wGUyAyAFX6kLKbw=">AAACC3icbVA9SwNBEN3zM8avqKXNYhAE8bgLojaBoI1ViGBUSI5jb28uLu59sDsnhiO9jX/FxkIRW/+Anf/GTUyh0QcDj/dmmJkXZFJodJxPa2p6ZnZuvrRQXlxaXlmtrK1f6DRXHNo8lam6CpgGKRJoo0AJV5kCFgcSLoObk6F/eQtKizQ5x34GXsx6iYgEZ2gkv7JFDUK/6CLcYZ4VEEWDQT2sN/1or+kHuzW77Feqju2MQP8Sd0yqZIyWX/nohinPY0iQS6Z1x3Uy9AqmUHAJg3I315AxfsN60DE0YTForxj9MqDbRglplCpTCdKR+nOiYLHW/TgwnTHDaz3pDcX/vE6O0ZFXiCTLERL+vSjKJcWUDoOhoVDAUfYNYVwJcyvl10wxjia+YQju5Mt/yUXNdg9s52y/2jgex1Eim2SL7BCXHJIGOSUt0iac3JNH8kxerAfryXq13r5bp6zxzAb5Bev9CyBGmTA=</latexit>

de↵ = d = Nf �Nb + 2.

Effective dimension of emergent spacetimes

• -> Effective dimension of  spacetime =  difference between number of fermion and boson species.



Different effective dimension at 
different energies for non-trivial 
mass spectra.

• How do we get the effective dimension? From the probability distribution of eigenvalues:
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• whenever the         eigenfunctions are dominated by the spacetime 

dimension, not by curvature, then Weyl’s scaling law says:

<latexit sha1_base64="61O/VwjonDzO77oje/IpsMzpUhc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbRU0lE1GNRDx4r2A9oQtlsJ+3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwRXaNvfRmFpeWV1rbhe2tjc2t4xy7tNFaeSQYPFIpZtnyoQPIIGchTQTiTQ0BfQ8odXE791D1LxOLrDUQJeSPsRDzijqKWuWXavQSB1ER4xTbIjNe6aFbtqT2EtEicnFZKj3jW/3F7M0hAiZIIq1XHsBL2MSuRMwLjkpgoSyoa0Dx1NIxqC8rLp6WPrUCs9K4ilrgitqfp7IqOhUqPQ150hxYGa9ybif14nxeDCy3iUpAgRmy0KUmFhbE1ysHpcAkMx0oQyyfWtFhtQSRnqtEo6BGf+5UXSPKk6Z1X79rRSu8zjKJJ9ckCOiUPOSY3ckDppEEYeyDN5JW/Gk/FivBsfs9aCkc/skT8wPn8Al8WUOA==</latexit>

�’s

<latexit sha1_base64="kSgHvB39FkCdG3CLs4MCqEskVcg=">AAACCHicbVA7T8MwGHR4lvIKMDJgUSGVgZJUCBgrWBiLRB9SEyrHcVqrthPZDlIVdWThr7AwgBArP4GNf4PbZoCWkyyd7+6T/V2QMKq043xbC4tLyyurhbXi+sbm1ra9s9tUcSoxaeCYxbIdIEUYFaShqWaknUiCeMBIKxhcj/3WA5GKxuJODxPic9QTNKIYaSN17YOk7DETD9Ex9BTlML/dZ+Fp9cQdde2SU3EmgPPEzUkJ5Kh37S8vjHHKidCYIaU6rpNoP0NSU8zIqOiliiQID1CPdAwViBPlZ5NFRvDIKCGMYmmO0HCi/p7IEFdqyAOT5Ej31aw3Fv/zOqmOLv2MiiTVRODpQ1HKoI7huBUYUkmwZkNDEJbU/BXiPpIIa9Nd0ZTgzq48T5rVintecW7PSrWrvI4C2AeHoAxccAFq4AbUQQNg8AiewSt4s56sF+vd+phGF6x8Zg/8gfX5A7TSmH8=</latexit>

p(�) ⇠ �d/2�1

• Probability distribution arising from the path integral, apply Weyl’s law:
<latexit sha1_base64="TYzaiGNVXS17wGUyAyAFX6kLKbw=">AAACC3icbVA9SwNBEN3zM8avqKXNYhAE8bgLojaBoI1ViGBUSI5jb28uLu59sDsnhiO9jX/FxkIRW/+Anf/GTUyh0QcDj/dmmJkXZFJodJxPa2p6ZnZuvrRQXlxaXlmtrK1f6DRXHNo8lam6CpgGKRJoo0AJV5kCFgcSLoObk6F/eQtKizQ5x34GXsx6iYgEZ2gkv7JFDUK/6CLcYZ4VEEWDQT2sN/1or+kHuzW77Feqju2MQP8Sd0yqZIyWX/nohinPY0iQS6Z1x3Uy9AqmUHAJg3I315AxfsN60DE0YTForxj9MqDbRglplCpTCdKR+nOiYLHW/TgwnTHDaz3pDcX/vE6O0ZFXiCTLERL+vSjKJcWUDoOhoVDAUfYNYVwJcyvl10wxjia+YQju5Mt/yUXNdg9s52y/2jgex1Eim2SL7BCXHJIGOSUt0iac3JNH8kxerAfryXq13r5bp6zxzAb5Bev9CyBGmTA=</latexit>

de↵ = d = Nf �Nb + 2.

• -> Effective dimension of  spacetime =  difference between number of fermion and boson species.

• Valid for trivial mass spectrum. For nontrivial spectrum: see image,

Effective dimension of emergent spacetimes

<latexit sha1_base64="luGx+/v3jC4lfHqLHUUJv4eVl2Y="></latexit>

deff (�) = �2�
@ log(p(�))

@�
+ 2



• The expected number of eigenfunctions evaluates to:

Effective volume and number of DOF of emergent spacetimes

<latexit sha1_base64="D5P5Rgj9Gd3iDu/pG8wlUhe+/os="></latexit>
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• The expected number of eigenfunctions evaluates to:

Effective volume and number of DOF of emergent spacetimes

<latexit sha1_base64="D5P5Rgj9Gd3iDu/pG8wlUhe+/os="></latexit>

hNi = �Z�1
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@Z

@µ
= 1 + 2C
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.

• Recall: Spectral gap of the Laplacian is closely related to llllllll, with ll its largest geodesic distance and, 

roughly, the volume llllllllllllllll.

<latexit sha1_base64="GcST80XMV4M1++IrgH3iBKCBt7w=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgxbAbRD0GvXiMYB6SrGF20kmGzMwuM7NCWPIVXjwo4tXP8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJolinEY9UKyQaOZNYN8xwbMUKiQg5NsPRzdRvPqHSLJL3ZhxjIMhAsj6jxFjpoYOcP6ZnlUm3WPLK3gzuMvEzUoIMtW7xq9OLaCJQGsqJ1m3fi02QEmUY5TgpdBKNMaEjMsC2pZII1EE6O3jinlil5/YjZUsad6b+nkiJ0HosQtspiBnqRW8q/ue1E9O/ClIm48SgpPNF/YS7JnKn37s9ppAaPraEUMXsrS4dEkWosRkVbAj+4svLpFEp+xdl7+68VL3O4sjDERzDKfhwCVW4hRrUgYKAZ3iFN0c5L8678zFvzTnZzCH8gfP5A2mlkCc=</latexit>

`�2 <latexit sha1_base64="2MjD4KkHKZBHXEUJKWol2ZCTDi0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA8MjkA=</latexit>

`
<latexit sha1_base64="aNChdKj4XBCv/fHJhdWUevQEFs0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjoi6LblxWsA/ojCWTybShmSQkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57IsmoNp737ZRWVtfWN8qbla3tnd2qu7ff1iJTmLSwYEJ1I6QJo5y0DDWMdKUiKI0Y6USj66nfeSBKU8HvzFiSMEUDThOKkbFS3622AySlEo8wIIzdx3235tW9GeAy8QtSAwWaffcriAXOUsINZkjrnu9JE+ZIGYoZmVSCTBOJ8AgNSM9SjlKiw3x2+AQeWyWGiVC2uIEz9fdEjlKtx2lkO1NkhnrRm4r/eb3MJJdhTrnMDOF4vijJGDQCTlOAMVUEGza2BGFF7a0QD5FC2NisKjYEf/HlZdI+rfvnde/2rNa4KuIog0NwBE6ADy5AA9yAJmgBDDLwDF7Bm/PkvDjvzse8teQUMwfgD5zPH5mbkw0=</latexit>

V ⇡ `d

• Therefore, the effective volume is roughly 

<latexit sha1_base64="/hE5Av9pvya/Wn9HmOtonwWEiq4=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuLEkRVQEoejGZQX7gDaEyWTSDp1MwsxEKKUbf8WNC0Xc+hnu/BunbQRtPTBwOOce7twTpJwp7Thf1sLi0vLKamGtuL6xubVt7+w2VJJJQusk4YlsBVhRzgSta6Y5baWS4jjgtBn0b8Z+84FKxRJxrwcp9WLcFSxiBGsj+fZ+9/IKdbgJhNivnPww17dLTtmZAM0TNyclyFHz7c9OmJAspkITjpVqu06qvSGWmhFOR8VOpmiKSR93adtQgWOqvOHkgBE6MkqIokSaJzSaqL8TQxwrNYgDMxlj3VOz3lj8z2tnOrrwhkykmaaCTBdFGUc6QeM2UMgkJZoPDMFEMvNXRHpYYqJNZ0VTgjt78jxpVMruWdm5Oy1Vr/M6CnAAh3AMLpxDFW6hBnUgMIIneIFX69F6tt6s9+nogpVn9uAPrI9v9IyVXA==</latexit>

g := �2 � �1

<latexit sha1_base64="pnBheZNfbOMLBVQg7iaTeKmjzOc=">AAACEHicbZC7TsMwFIadcivlFmBksagQLJSkQsBYwcJYJHqRmlI57klr4TjBdipVUR6BhVdhYQAhVkY23gb3MkDLL1n69J9zdHx+P+ZMacf5tnILi0vLK/nVwtr6xuaWvb1TV1EiKdRoxCPZ9IkCzgTUNNMcmrEEEvocGv791ajeGIBULBK3ehhDOyQ9wQJGiTZWxz6sd1IIgsyDh4QNsMeJ6HFIe5knx4Tv0uPuSTnr2EWn5IyF58GdQhFNVe3YX143okkIQlNOlGq5TqzbKZGaUQ5ZwUsUxITekx60DAoSgmqn44MyfGCcLg4iaZ7QeOz+nkhJqNQw9E1nSHRfzdZG5n+1VqKDi3bKRJxoEHSyKEg41hEepYO7TALVfGiAUMnMXzHtE0moNhkWTAju7MnzUC+X3LOSc3NarFxO48ijPbSPjpCLzlEFXaMqqiGKHtEzekVv1pP1Yr1bH5PWnDWd2UV/ZH3+APZUnSU=</latexit>

Veff ⌘ hgi�d/2



• The expected number of eigenfunctions evaluates to:

Effective volume and number of DOF of emergent spacetimes

<latexit sha1_base64="D5P5Rgj9Gd3iDu/pG8wlUhe+/os="></latexit>
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• Recall: Spectral gap of the Laplacian is closely related to llllllll, with ll its largest geodesic distance and, 

roughly, the volume llllllllllllllll.

<latexit sha1_base64="GcST80XMV4M1++IrgH3iBKCBt7w=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgxbAbRD0GvXiMYB6SrGF20kmGzMwuM7NCWPIVXjwo4tXP8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJolinEY9UKyQaOZNYN8xwbMUKiQg5NsPRzdRvPqHSLJL3ZhxjIMhAsj6jxFjpoYOcP6ZnlUm3WPLK3gzuMvEzUoIMtW7xq9OLaCJQGsqJ1m3fi02QEmUY5TgpdBKNMaEjMsC2pZII1EE6O3jinlil5/YjZUsad6b+nkiJ0HosQtspiBnqRW8q/ue1E9O/ClIm48SgpPNF/YS7JnKn37s9ppAaPraEUMXsrS4dEkWosRkVbAj+4svLpFEp+xdl7+68VL3O4sjDERzDKfhwCVW4hRrUgYKAZ3iFN0c5L8678zFvzTnZzCH8gfP5A2mlkCc=</latexit>

`�2 <latexit sha1_base64="2MjD4KkHKZBHXEUJKWol2ZCTDi0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA8MjkA=</latexit>

`
<latexit sha1_base64="aNChdKj4XBCv/fHJhdWUevQEFs0=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjoi6LblxWsA/ojCWTybShmSQkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57IsmoNp737ZRWVtfWN8qbla3tnd2qu7ff1iJTmLSwYEJ1I6QJo5y0DDWMdKUiKI0Y6USj66nfeSBKU8HvzFiSMEUDThOKkbFS3622AySlEo8wIIzdx3235tW9GeAy8QtSAwWaffcriAXOUsINZkjrnu9JE+ZIGYoZmVSCTBOJ8AgNSM9SjlKiw3x2+AQeWyWGiVC2uIEz9fdEjlKtx2lkO1NkhnrRm4r/eb3MJJdhTrnMDOF4vijJGDQCTlOAMVUEGza2BGFF7a0QD5FC2NisKjYEf/HlZdI+rfvnde/2rNa4KuIog0NwBE6ADy5AA9yAJmgBDDLwDF7Bm/PkvDjvzse8teQUMwfgD5zPH5mbkw0=</latexit>

V ⇡ `d

• Therefore, the effective volume is roughly 

<latexit sha1_base64="/hE5Av9pvya/Wn9HmOtonwWEiq4=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuLEkRVQEoejGZQX7gDaEyWTSDp1MwsxEKKUbf8WNC0Xc+hnu/BunbQRtPTBwOOce7twTpJwp7Thf1sLi0vLKamGtuL6xubVt7+w2VJJJQusk4YlsBVhRzgSta6Y5baWS4jjgtBn0b8Z+84FKxRJxrwcp9WLcFSxiBGsj+fZ+9/IKdbgJhNivnPww17dLTtmZAM0TNyclyFHz7c9OmJAspkITjpVqu06qvSGWmhFOR8VOpmiKSR93adtQgWOqvOHkgBE6MkqIokSaJzSaqL8TQxwrNYgDMxlj3VOz3lj8z2tnOrrwhkykmaaCTBdFGUc6QeM2UMgkJZoPDMFEMvNXRHpYYqJNZ0VTgjt78jxpVMruWdm5Oy1Vr/M6CnAAh3AMLpxDFW6hBnUgMIIneIFX69F6tt6s9+nogpVn9uAPrI9v9IyVXA==</latexit>

g := �2 � �1

<latexit sha1_base64="pnBheZNfbOMLBVQg7iaTeKmjzOc=">AAACEHicbZC7TsMwFIadcivlFmBksagQLJSkQsBYwcJYJHqRmlI57klr4TjBdipVUR6BhVdhYQAhVkY23gb3MkDLL1n69J9zdHx+P+ZMacf5tnILi0vLK/nVwtr6xuaWvb1TV1EiKdRoxCPZ9IkCzgTUNNMcmrEEEvocGv791ajeGIBULBK3ehhDOyQ9wQJGiTZWxz6sd1IIgsyDh4QNsMeJ6HFIe5knx4Tv0uPuSTnr2EWn5IyF58GdQhFNVe3YX143okkIQlNOlGq5TqzbKZGaUQ5ZwUsUxITekx60DAoSgmqn44MyfGCcLg4iaZ7QeOz+nkhJqNQw9E1nSHRfzdZG5n+1VqKDi3bKRJxoEHSyKEg41hEepYO7TALVfGiAUMnMXzHtE0moNhkWTAju7MnzUC+X3LOSc3NarFxO48ijPbSPjpCLzlEFXaMqqiGKHtEzekVv1pP1Yr1bH5PWnDWd2UV/ZH3+APZUnSU=</latexit>

Veff ⌘ hgi�d/2

• The expected spectral gap is calculable: fix first eigenvalue to mass and

<latexit sha1_base64="C2Lp9+pw14qkAsFWtKvVoBZlm4g="></latexit>

h�2i =
Z ⇤

m
d�2 �2P (�2|N � 2).



Effective volume and number of DOF of emergent spacetimes

Dashed line = expected number of DOF, solid line = expected volume



Consistency check:

• Hawking & Gilkey formula showed that classically:

<latexit sha1_base64="+Au+hU4ZNazBIxm/seFAkKCGV6Y="></latexit>
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• Classically, the density of degrees of freedom is constant up to corrections:

• Consistency Check: N/V still constant

after quantization + corrections

<latexit sha1_base64="oxTYwMgDC09d5wfFyvn+7eorrZ8="></latexit>
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Results:

•  Obtained dimensions and volumes of emergent spacetimes

-> depending on gravity & boson pull vs. fermion pressure,

• That balance depends on energy scale through mass spectrum, 

yields energy-dependent spacetime dimensions & emergence,


•  Consistency check OK.

The low-energy picture of spacetime as a manifold, hosting matter in the form of quantum fields emerges

from a pregeometric regime:


• At different energy scales,

• With spacetime changing dimension.




Part 2:

Field interactions added to the QG path integral,

Anderson localization of Euclidean dimension(s)

Based on: B. Šoda, In preparation



• Add a Yukawa coupling to the action:
<latexit sha1_base64="+LjyY9eMAUFKkW9Z9piR5sQR9Q0=">AAACIXicbVDLSgMxFM3UV62vqks3wSJUkDIjot0IRTcuK9qHdMaSyaRtaOZBckdahv6KG3/FjQtFuhN/xkxbQasHQg7n3Mu997iR4ApM88PILCwuLa9kV3Nr6xubW/ntnboKY0lZjYYilE2XKCZ4wGrAQbBmJBnxXcEabv8y9RsPTCoeBrcwjJjjk27AO5wS0FI7X8b4pp3YwAaA70bnXZsHgLF3n3ijgY1tl0g7Urw4OPz+juyol5J2vmCWzAnwX2LNSAHNUG3nx7YX0thnAVBBlGpZZgROQiRwKtgoZ8eKRYT2SZe1NA2Iz5STTC4c4QOteLgTSv30ghP1Z0dCfKWGvqsrfQI9Ne+l4n9eK4ZO2Ul4EMXAAjod1IkFhhCncWGPS0ZBDDUhVHK9K6Y9IgkFHWpOh2DNn/yX1I9L1mnJvD4pVC5mcWTRHtpHRWShM1RBV6iKaoiiR/SMXtGb8WS8GO/GeFqaMWY9u+gXjM8vVjKiYg==</latexit>

SY = g

Z
ddx  ̄(x) (x)�(x)

Interacting fermions and bosons in the path integral:

<latexit sha1_base64="N4LE+IsyxWUF888HgMRwPGUO12A=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCIJQZEXUjFN24rNQ+pB2GTJppQzOZIckoZeynuHGhiFu/xJ1/Y/pYaOuBA4dz7iU3J0g4U9pxvq3c0vLK6lp+vbCxubW9Yxd3GypOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMBtfjvPlApWKxuNPDhHoR7gkWMoK1sXy7WLus+b3jmh8aBob3vl1yys4EaFG4M1GCGaq+/dXpxiSNqNCEY6XarpNoL8NSM8LpqNBJFU0wGeAebRspcESVl01OH6FD43RRGEtDodHE/b2R4UipYRSYyQjrvprPxuZ/WTvV4YWXMZGkmgoyfShMOdIxGveAukxSovnQCEwkM7ci0scSE23aKpgS3PkvL4rGSdk9Kzu3p6XK1ayOPOzDARyBC+dQgRuoQh0IPMIzvMKb9WS9WO/Wx3Q0Z8129uAPrM8fS2WSuw==</latexit>

S = Sg + Sf + Sb + SY• Total action:

Gravity

Gilkey action

Free fields Yukawa

Interaction



• Add a Yukawa coupling to the action:
<latexit sha1_base64="+LjyY9eMAUFKkW9Z9piR5sQR9Q0=">AAACIXicbVDLSgMxFM3UV62vqks3wSJUkDIjot0IRTcuK9qHdMaSyaRtaOZBckdahv6KG3/FjQtFuhN/xkxbQasHQg7n3Mu997iR4ApM88PILCwuLa9kV3Nr6xubW/ntnboKY0lZjYYilE2XKCZ4wGrAQbBmJBnxXcEabv8y9RsPTCoeBrcwjJjjk27AO5wS0FI7X8b4pp3YwAaA70bnXZsHgLF3n3ijgY1tl0g7Urw4OPz+juyol5J2vmCWzAnwX2LNSAHNUG3nx7YX0thnAVBBlGpZZgROQiRwKtgoZ8eKRYT2SZe1NA2Iz5STTC4c4QOteLgTSv30ghP1Z0dCfKWGvqsrfQI9Ne+l4n9eK4ZO2Ul4EMXAAjod1IkFhhCncWGPS0ZBDDUhVHK9K6Y9IgkFHWpOh2DNn/yX1I9L1mnJvD4pVC5mcWTRHtpHRWShM1RBV6iKaoiiR/SMXtGb8WS8GO/GeFqaMWY9u+gXjM8vVjKiYg==</latexit>

SY = g

Z
ddx  ̄(x) (x)�(x)

Interacting fermions and bosons in the path integral:

<latexit sha1_base64="N4LE+IsyxWUF888HgMRwPGUO12A=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCIJQZEXUjFN24rNQ+pB2GTJppQzOZIckoZeynuHGhiFu/xJ1/Y/pYaOuBA4dz7iU3J0g4U9pxvq3c0vLK6lp+vbCxubW9Yxd3GypOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMBtfjvPlApWKxuNPDhHoR7gkWMoK1sXy7WLus+b3jmh8aBob3vl1yys4EaFG4M1GCGaq+/dXpxiSNqNCEY6XarpNoL8NSM8LpqNBJFU0wGeAebRspcESVl01OH6FD43RRGEtDodHE/b2R4UipYRSYyQjrvprPxuZ/WTvV4YWXMZGkmgoyfShMOdIxGveAukxSovnQCEwkM7ci0scSE23aKpgS3PkvL4rGSdk9Kzu3p6XK1ayOPOzDARyBC+dQgRuoQh0IPMIzvMKb9WS9WO/Wx3Q0Z8129uAPrM8fS2WSuw==</latexit>

S = Sg + Sf + Sb + SY• Total action:

Gravity

Gilkey action

Free fields Yukawa

Interaction

• We write the interactions in the eigenbasis of the Laplacian:

<latexit sha1_base64="uCQlNZPlWv3YQHQpHcyLytUOWmA="></latexit>
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• With C coefficients being overlaps between Laplacian eigenstates:
<latexit sha1_base64="8tzBadBQ8IWVyk1rDaRsVKKbABk="></latexit>

Ckm` =

Z

M
u⇤
k(x) um(x) u`(x) dµ(x).



• Add a Yukawa coupling to the action:
<latexit sha1_base64="+LjyY9eMAUFKkW9Z9piR5sQR9Q0=">AAACIXicbVDLSgMxFM3UV62vqks3wSJUkDIjot0IRTcuK9qHdMaSyaRtaOZBckdahv6KG3/FjQtFuhN/xkxbQasHQg7n3Mu997iR4ApM88PILCwuLa9kV3Nr6xubW/ntnboKY0lZjYYilE2XKCZ4wGrAQbBmJBnxXcEabv8y9RsPTCoeBrcwjJjjk27AO5wS0FI7X8b4pp3YwAaA70bnXZsHgLF3n3ijgY1tl0g7Urw4OPz+juyol5J2vmCWzAnwX2LNSAHNUG3nx7YX0thnAVBBlGpZZgROQiRwKtgoZ8eKRYT2SZe1NA2Iz5STTC4c4QOteLgTSv30ghP1Z0dCfKWGvqsrfQI9Ne+l4n9eK4ZO2Ul4EMXAAjod1IkFhhCncWGPS0ZBDDUhVHK9K6Y9IgkFHWpOh2DNn/yX1I9L1mnJvD4pVC5mcWTRHtpHRWShM1RBV6iKaoiiR/SMXtGb8WS8GO/GeFqaMWY9u+gXjM8vVjKiYg==</latexit>

SY = g

Z
ddx  ̄(x) (x)�(x)

Interacting fermions and bosons in the path integral:

<latexit sha1_base64="N4LE+IsyxWUF888HgMRwPGUO12A=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCIJQZEXUjFN24rNQ+pB2GTJppQzOZIckoZeynuHGhiFu/xJ1/Y/pYaOuBA4dz7iU3J0g4U9pxvq3c0vLK6lp+vbCxubW9Yxd3GypOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMBtfjvPlApWKxuNPDhHoR7gkWMoK1sXy7WLus+b3jmh8aBob3vl1yys4EaFG4M1GCGaq+/dXpxiSNqNCEY6XarpNoL8NSM8LpqNBJFU0wGeAebRspcESVl01OH6FD43RRGEtDodHE/b2R4UipYRSYyQjrvprPxuZ/WTvV4YWXMZGkmgoyfShMOdIxGveAukxSovnQCEwkM7ci0scSE23aKpgS3PkvL4rGSdk9Kzu3p6XK1ayOPOzDARyBC+dQgRuoQh0IPMIzvMKb9WS9WO/Wx3Q0Z8129uAPrM8fS2WSuw==</latexit>

S = Sg + Sf + Sb + SY• Total action:

Gravity

Gilkey action

Free fields Yukawa

Interaction

• We write the interactions in the eigenbasis of the Laplacian:

<latexit sha1_base64="uCQlNZPlWv3YQHQpHcyLytUOWmA="></latexit>
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• With C coefficients being overlaps between Laplacian eigenstates:
<latexit sha1_base64="8tzBadBQ8IWVyk1rDaRsVKKbABk="></latexit>

Ckm` =

Z

M
u⇤
k(x) um(x) u`(x) dµ(x).

• We now proceed to integrate out the fields’ degrees of freedom in the full path integral with interacting fields.



• Integrating out the fields in the path integral serves as a source of disorder for the background geometry:
• Weak coupling: does not change the sign of the probability distribution for eigenvalues.

<latexit sha1_base64="Z+xCt07b7tEIfCG1Ss1PG4RDC9E="></latexit>
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<latexit sha1_base64="LRcrxezRoK93KdP6VcLAxWlqVI4="></latexit>

�Sint({�k}) 2 R,

• Strong coupling: changes the sign of the probability distribution for eigenvalues.

• As long as the coupling g is greater than a critical coupling.

Change of sign of eigenvalues indicates change of signature. 

Is it Lorentz or a different combination of - and + signs?

Note: it is not surprising that critical amount

of disorder is necessary.

Interacting fermions and bosons in the path integral:



Anderson Localization

Perimeter bistro, picture credit: E. Livine



P. Anderson, 1958: disorder localizes wavefunctions:
<latexit sha1_base64="c0WAyyxVkTzifgKAR2pBMcEeC6w="></latexit>✓
� ~2
2m

r2 + Vrand(~r)

◆
 = E 

In 1+1 and 2+1 dimensional systems any small disorder will do, in 3 and higher, a critical amount of disorder is necessary.

Random potential First 4 eigenstates

Image from: M. Filoche, S. Mayboroda, PNAS, Universal mechanism for Anderson and weak localization, 2012



Presence of disorder changes the behaviour of wavefunctions:

from oscillatory to exponentially decaying.

Sign flip!

<latexit sha1_base64="O8fYn7sSlF4x7wkb0McNhU8loxI=">AAACF3icbZDLSsNAFIYnXmu9RV26GSyCCwlJEXUjFN24rGIv0MQyM520QyaTMDMRSuhbuPFV3LhQxK3ufBunbRba+sPAx3/OYc75ccqZ0q77bS0sLi2vrJbWyusbm1vb9s5uUyWZJLRBEp7INkaKciZoQzPNaTuVFMWY0xaOrsb11gOViiXiTg9TGsSoL1jICNLG6toONPIFwhzdV6GfKgYvYFTgsQ8jnwnox0gPMM5vR1274jruRHAevAIqoFC9a3/5vYRkMRWacKRUx3NTHeRIakY4HZX9TNEUkQj1acegQDFVQT65awQPjdODYSLNExpO3N8TOYqVGsbYdI43VLO1sflfrZPp8DzImUgzTQWZfhRmHOoEjkOCPSYp0XxoABHJzK6QDJBERJsoyyYEb/bkeWhWHe/UcW9OKrXLIo4S2AcH4Ah44AzUwDWogwYg4BE8g1fwZj1ZL9a79TFtXbCKmT3wR9bnDwTynWg=</latexit>

r2 = k2 , k 2 R
<latexit sha1_base64="+q6cXvhtm8fyOtyjRh7bbo0c5M4=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwoWWmiLoRim5cVrEP6IwlSdM2TCYzJBmhDP0NN/6KGxeKuNSVf2OmnYW2HgicnHMv996DY86Udpxvq7CwuLS8Ulwtra1vbG7Z2ztNFSWS0AaJeCTbGCnKmaANzTSn7VhSFGJOWzi4yvzWA5WKReJOj2Lqh2ggWJ8RpI3UtR1o4AmEObqvQi9WDF7AYxjknyMPBh4T0AuRHmKc3o67dtmpOBPAeeLmpAxy1Lv2p9eLSBJSoQlHSnVcJ9Z+iqRmhNNxyUsUjREJ0IB2DBUopMpPJ5eN4YFRerAfSfOEhhP1d0eKQqVGITaV2YZq1svE/7xOovvnfspEnGgqyHRQP+FQRzCLCfaYpETzkSGISGZ2hWSIJCLahFkyIbizJ8+TZrXinlacm5Ny7TKPowj2wD44BC44AzVwDeqgAQh4BM/gFbxZT9aL9W59TEsLVt6zC/7A+voB17+dyQ==</latexit>

r2 = �k2 , k 2 R



A toy model

Assume we add disorder to only one dimension: 

<latexit sha1_base64="cTPgEthEEiydKYDn337IjBZwaq0="></latexit>
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@x2
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@y2
� @2

@z2
+ Vrand(x)



A toy model

Assume we add disorder to only one dimension: 

<latexit sha1_base64="cTPgEthEEiydKYDn337IjBZwaq0="></latexit>

� @2

@x2
� @2

@y2
� @2

@z2
+ Vrand(x)

Then, in that dimension (here, x) the wavefunctions will become localized.



<latexit sha1_base64="n6MGnCyoS8yHss1/UeQpzGtYV5U="></latexit>
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@y2
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+ Vrand(x) ⌘ +
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@z2
.

A toy model

Assume we add disorder to only one dimension: 

<latexit sha1_base64="cTPgEthEEiydKYDn337IjBZwaq0="></latexit>

� @2

@x2
� @2

@y2
� @2

@z2
+ Vrand(x)

Then, in that dimension (here, x) the wavefunctions will become localized.

Schematically:



<latexit sha1_base64="n6MGnCyoS8yHss1/UeQpzGtYV5U="></latexit>

� @2

@x2
� @2

@y2
� @2

@z2
+ Vrand(x) ⌘ +

@2

@x2
� @2

@y2
� @2

@z2
.

<latexit sha1_base64="CPp2zY7ASk6QV0ydUNPfTT3vvPU=">AAACGHicbVDLSgNBEJyN7/iKevQyGARFiLtB1KPoxaOCiUI2ht5JR4fMzq4zvWJY8hle/BUvHhTx6s2/cRJz8FXQUFR1090VpUpa8v0PrzA2PjE5NT1TnJ2bX1gsLS3XbZIZgTWRqMRcRGBRSY01kqTwIjUIcaTwPOoeDfzzWzRWJvqMeik2Y7jSsiMFkJNapW3uEGqIFFxWt+qtPCS8oyzNDeh2v79BmyHeZPKWh4fJ3WW10iqV/Yo/BP9LghEpsxFOWqX3sJ2ILEZNQoG1jcBPqZmDISkU9othZjEF0YUrbDiqIUbbzIeP9fm6U9q8kxhXmvhQ/T6RQ2xtL45cZwx0bX97A/E/r5FRZ7+ZS51mhFp8LepkilPCBynxtjQoSPUcAWGku5WLazAgyGVZdCEEv1/+S+rVSrBb8U93ygeHozim2SpbYxssYHvsgB2zE1Zjgt2zR/bMXrwH78l79d6+WgveaGaF/YD3/gnnd58Z</latexit>

r2 + Vrand(t) ⌘ ⇤2.

A toy model

Assume we add disorder to only one dimension: 

<latexit sha1_base64="cTPgEthEEiydKYDn337IjBZwaq0="></latexit>

� @2

@x2
� @2

@y2
� @2

@z2
+ Vrand(x)

Then, in that dimension (here, x) the wavefunctions will become localized.

Schematically:

Or, if we are in 4 dimensions, we can have an effective flip of the signature from Euclidean to Lorentzian:

Laplacian op. -> D’Alembertian op.

Time is the localized dimension, while spatial dimensions are extended.



Yukawa is isotropic in the Euclidean signature, how can it single out one or more dimensions for localization?

At weak disorder, still isotropic, no localized dimension.

When we increase the amount of disorder, i.e. increase coupling   , a localization happens anisotropically.

Conjecture: the time-like direction is selected as a spontaneously broken symmetry.
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If we increase disorder further, possibly more dimensions become localized.



On the Hartle-Hawking no-boundary proposal:

Picture credit: Quanta



Thank you for your attention!

St Mark Church, Zagreb


