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• Asymptotically safe gravity and matter: 

• Effect of matter on gravity 

• Effect of gravity on Standard Model matter 

• Asymptotic safety in the dark sector

Lecture 1: Introduction to asymptotically safe gravity Lecture 2: Probing (asymptotically safe) gravity at all scales



Quantum gravity

Classical gravity:

S =
1

16πG ∫ d4x −gR → Rμν −
1
2

gμνR = 0 → gμν



Quantum gravity

eiΓ[⟨gμν]⟩ = ∫ 𝒟gμν e
i
ℏ S[gμν] + . . .
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S =
1

16πG ∫ d4x −gR → Rμν −
1
2

gμνR = 0 → gμν

→ ⟨gμν⟩

What is the effect of quantum fluctuations? New interactions!



The problem of perturbative quantum gravity

with S =
1

16πGN ∫ d4x −gR

1-loop divergences

∼ −g, ∼ −gR, ∼ −gR2, ∼ −gRμνRμν

2-loop divergences

. . . ∼ −gRμνκλRκλ
ρσRρσμν, …

superficial degree of divergence:


D = 2L + 2
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The problem of perturbative quantum gravity

1-loop divergences

∼ −g, ∼ −gR, ∼ −gR2, ∼ −gRμνRμν

2-loop divergences

. . . ∼ −gRμνκλRκλ
ρσRρσμν, …

 loss of predictivity⇒

superficial degree of divergence:


D = 2L + 2

perturbative non-renormalizability

with S =
1
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i
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1-loop divergences

∼ −g, ∼ −gR, ∼ −gR2, ∼ −gRμνRμν

2-loop divergences

. . . ∼ −gRμνκλRκλ
ρσRρσμν, …

 loss of predictivity⇒

effective field theory: assume naturalness (all couplings  with 


 higher-order interactions subleading for processes at energies 

ci

Mdi
Pl

ci ∼ 𝒪(1)

⇒ E ≪ MPl

The problem of perturbative quantum gravity

superficial degree of divergence:


D = 2L + 2

perturbative non-renormalizability

with S =
1
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i
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Restoring predictivity by demanding more symmetry



Imposing a symmetry on an action relates couplings and/or sets them to zero

Example: 


real scalar field theory without internal symmetry: allowed interactions 


real scalar field theory with internal  symmetry ( ): allowed interactions 

λiϕi, …

ℤ2 ϕ → − ϕ λ2iϕ2i, …
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Usually: symmetry imposed at the classical level; checking for anomalies when quantizing

 what about symmetries that emerge at the quantum level?→

Restoring predictivity by demanding more symmetry



Hypothesis: The quantum structure of spacetime is described by an asymptotically safe 

quantum field theory of the metric - gravity exhibits quantum scale symmetry 

Particle physics

Phase transitions

[Weinberg ’74]

Mathematics & the natural world

What symmetry? Scale symmetry!



Hypothesis: The quantum structure of spacetime is described by an asymptotically safe 

quantum field theory of the metric - gravity exhibits quantum scale symmetry 

Particle physics

Phase transitions

[Weinberg ’74]

Mathematics & the natural world

What symmetry? Scale symmetry!

energy/momentum scale k

asymptotic freedom (trivial Renormalization Group fixed point)

 not available for Einstein gravity→

asymptotic safety (nontrivial Renormalization Group fixed point)

= quantum scale symmetry


couplings Presence of quantum fluctuations: Theory is scale dependent; 
running couplings  

(Renormalization Group flow)



Predictivity in asymptotic safety

energy/momentum scale k

asymptotic safety (nontrivial Renormalization Group fixed point)

 values of all couplings fixed in the UV
⇒

couplings
transition scale


asymptotic safety

in the UV fixes the values

of all but some couplings

(the relevant ones)

in the IR




Predictivity at all scales: UV

Asymptotic safety (quantum scale symmetry): βgi
= k∂k gi(k) = 0 ∀i

 system of coupled algebraic equations→

 generically, besides  (free fixed point, which is guaranteed to exist), at best a finite number of real zeros→ gi = 0 ∀i

Example: Γk = ∫ d4x g
8

∑
n=0

gn Rn

[Codello, Percacci, Rahmede ‘08]

G

[Reuter, Saueressig ‘02]

Λ

 at generic locations in space of couplings,

there is scale dependence

→



Predictivity at all scales: IR
Sources and sinks of the Renormalization Group flow
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Predictivity at all scales: IR

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:


QED: 


  decreases as  is lowered


QCD: 


  increases as  is lowered

βe = k ∂k e(k) =
1

12π2
e3 + . . .

→ e(k) k

βg = k ∂k g(k) = −
7

16π2
g3 + . . .

→ g(k) k

{ 1/ke+(k)
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Quantum fluctuations screen or antiscreen interactions

Standard Model examples:
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 free fixed point: two relevant directions, 
 and  are both free parameters

→
α2 αN

 partially interacting fixed points: one 
relevant direction,  and  become 
functions of one another

→
α2 αN

 fully interacting fixed point: no relevant 
directions, no free parameters
→

Predictivity at all scales: IR
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quantum fluctuations drive coupling away 
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Counting free parameters: Critical exponents

Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI ( k
k0 )

−θI

θI = − eig (
∂βgi

∂gj )

g1
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Counting free parameters: Critical exponents

Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

g1
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<latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit>

g3
<latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit><latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit><latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit>



Counting free parameters: Critical exponents

For ,  enters  at   free parameterθI > 0 CI gi(k) k ≪ k0 ⇒

Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

g1
<latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit><latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit><latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit>

g2
<latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit>

g3
<latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit><latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit><latexit sha1_base64="H7LIhAVsiuTY9kvVpSedqI9HczM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUUG9FLx4rGltoQ9lsJ+nSzSbsboRS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXZoJr47pfTmlpeWV1rbxe2djc2t6p7u496DRXDH2WilS1Q6pRcIm+4UZgO1NIk1BgKxxeT/3WIyrNU3lvRhkGCY0ljzijxkp3ce+0V625dXcG8pd4BalBgWav+tntpyxPUBomqNYdz81MMKbKcCZwUunmGjPKhjTGjqWSJqiD8ezUCTmySp9EqbIlDZmpPyfGNNF6lIS2M6FmoBe9qfif18lNdBGMucxyg5LNF0W5ICYl079JnytkRowsoUxxeythA6ooMzadig3BW3z5L/FP6pd19/as1rgq0ijDARzCMXhwDg24gSb4wCCGJ3iBV0c4z86b8z5vLTnFzD78gvPxDWJUjWQ=</latexit>



Counting free parameters: Critical exponents

For ,  enters  at   free parameterθI > 0 CI gi(k) k ≪ k0 ⇒

For ,  doesn’t enter  at   no free parameterθI < 0 CI gi(k) k ≪ k0 ⇒

Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

g1
<latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit><latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit><latexit sha1_base64="8e9/hZhmJagKmHlVfUrm3njREDY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpftDzetWaW3dnIMvEK0gNCjR71a9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5NhdBnkQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy8vE/+sflV3785rjesijTIcwTGcggcX0IBbaIIPDAbwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AF9OjWI=</latexit>

g2
<latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit><latexit sha1_base64="IbS/G7lpS7tLh3EQ2y5Quf33PUw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8eKxhbaUDbbTbp0swm7E6GU/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLMykMuu63s7K6tr6xWdoqb+/s7u1XDg4fTZprxn2WylS3Q2q4FIr7KFDydqY5TULJW+HwZuq3nrg2IlUPOMp4kNBYiUgwila6j3v1XqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBmMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlVz786rjesijRIcwwmcgQcX0IBbaIIPDGJ4hld4c6Tz4rw7H/PWFaeYOYI/cD5/AGDRjWM=</latexit>

g3
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Counting free parameters: Critical exponents

For ,  enters  at   free parameterθI > 0 CI gi(k) k ≪ k0 ⇒

For ,  doesn’t enter  at   no free parameterθI < 0 CI gi(k) k ≪ k0 ⇒

(Note: beta functions not universal, but critical exponents are)

Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

g1
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Counting free parameters at free and interacting fixed points
Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )



Counting free parameters at free and interacting fixed points
Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

Free fixed point:





couplings with positive mass dimension are relevant


couplings with vanishing mass dimension are marginally (ir)relevant


couplings with negative mass dimension are irrelevant


θi = −
∂βi

∂gi g=0
= −

∂
∂gi (k∂k (ḡi k−dḡi))

g=0
= dḡi

,



Counting free parameters at free and interacting fixed points
Linearize beta functions





solution:  with 

βgi
= βgi

( ⃗g = ⃗g*) + ∑
j

∂βgi

∂gj ⃗g = ⃗g*
(gj − gj *) + 𝒪 (gj − gj *)

2

gi(k) = gi * + ∑
I

CI VI
i ( k

k0 )
−θI

θI = − eig (
∂βgi

∂gj )

Free fixed point:





couplings with positive mass dimension are relevant


couplings with vanishing mass dimension are marginally (ir)relevant


couplings with negative mass dimension are irrelevant


θi = −
∂βi

∂gi g=0
= −

∂
∂gi (k∂k (ḡi k−dḡi))

g=0
= dḡi

,

Interacting fixed point:





• can be more or less predictive than the free fixed point


• no way to know free parameters a priori


θi = −
∂βi

∂gi g=g*

= −
∂

∂gi (k∂k (ḡi k−dḡi))
g=g*

= dḡi
+ 𝒪(gi*),
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gi(k) = gi * + ∑
I

CI VI
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−θI

θI = − eig (
∂βgi
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Free fixed point:





couplings with positive mass dimension are relevant


couplings with vanishing mass dimension are marginally (ir)relevant


couplings with negative mass dimension are irrelevant


θi = −
∂βi

∂gi g=0
= −

∂
∂gi (k∂k (ḡi k−dḡi))

g=0
= dḡi

,

Interacting fixed point:





• can be more or less predictive than the free fixed point


• no way to know free parameters a priori


θi = −
∂βi

∂gi g=g*

= −
∂

∂gi (k∂k (ḡi k−dḡi))
g=g*

= dḡi
+ 𝒪(gi*),



Asymptotic safety in gravity - key concepts

Z = ∫ 𝒟gμνei S[gμν]
+ . . .

S[gμν] =
1

16πGN ∫ d4x g (R − 2Λ̄) + . . .

 interactions of gravity with matter  
& nonlinear gravitational self-interactions
GN :

quantum effects: ,

similarly for higher-order interactions

GN → GN(k)



Asymptotic safety in gravity - key concepts

Z = ∫ 𝒟gμνei S[gμν]
+ . . .

 interactions of gravity with matter  
& nonlinear gravitational self-interactions
GN :

Most conservative approach to quantum gravity:


• metric carries gravitational degrees of freedom 
 works at low energies, so only give up if shown to fail


• Standard quantum field theory framework for quantization

 works for the other fundamental forces, so only choose 

different framework for gravity if the standard framework fails

→

→

S[gμν] =
1

16πGN ∫ d4x g (R − 2Λ̄) + . . .

quantum effects: ,

similarly for higher-order interactions

GN → GN(k)



Tools to search for asymptotic safety: Lattice

Example: Causal Dynamical Triangulations

Discrete building blocks

Asymptotic safety: can take continuum limit,

because at fixed-point values of the couplings,

there is (quantum) scale symmetry

Scale symmetry in lattice theories:

second order phase transition


 interacting RG fixed points: ubiquitous in statistical physics→
[Example: Ising model]

[Ambjørn, Coumbe, Gizbert-Studnicki,  
Görlich,Jurkiewicz ’17]



Tools to search for asymptotic safety: Functional Renormalization Group
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Z
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contains effect of quantum fluctuations above k

scale- and momentum- 
dependent ``mass”

�k =
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probe scale dependence of QFT e��k[�] =

Z
D' e�S[']� 1

2

R
'(�p)Rk(p)'(p)

contains effect of quantum fluctuations above k

scale- and momentum- 
dependent ``mass”

�k =
X

i

gi(k)

Z
ddxOi

! k@k�k =
X

i

�gi

Z
ddxOi

Wetterich ’93, Reuter ‘96

@k�k =
1

2
STr

⇣
�(2)
k +Rk

⌘�1
@kRkWetterich equation: =

�k

S

�k!0
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Tools to search for asymptotic safety: Functional Renormalization Group

@k�k =
1

2
STr

⇣
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k +Rk

⌘�1
@kRk =

exact one-loop equation

(infinite) tower of coupled equations �gi

• truncate to (finite) set of equations 
• search for fixed point solutions 
• enlarge truncation 
• convergent results?

strategy

�k =
X

i

gi(k)

Z
ddxOi



Tools to search for asymptotic safety: Functional Renormalization Group

@k�k =
1

2
STr

⇣
�(2)
k +Rk

⌘�1
@kRk

successfully used in particle physics, statistical physics/condensed matter,  
e.g., Quantum Chromodynamics, BEC-BCS-crossover, 
strongly-correlated fermion systems,  
Wilson-Fisher universality classes & beyond, …..

=

exact one-loop equation

(infinite) tower of coupled equations �gi

• truncate to (finite) set of equations 
• search for fixed point solutions 
• enlarge truncation 
• convergent results?

strategy

�k =
X

i

gi(k)

Z
ddxOi

[see Dupuis, Canet, AE, et al. ‘20]



Tools to search for asymptotic safety: Functional Renormalization Group

example: Ising universality class

⌫ = 0.62999(5) conformal bootstrap

⌫ = 0.63002(10) Monte Carlo [Hasenbusch ’10]

[Showk et al. ’14]

FRG: LPA

⌫ = 0.6307 O(@2) [Canet, Delamotte, Mouhanna, Vidal ‘03]FRG: 

⌫ = 0.643 [Berges, Tetradis, Wetterich ‘00]

scaling exponent of the correlation length: ⇠ ⇠ |T � Tc|�⌫

⌫ = 0.6304
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[Guida, Zinn-Justin ’98]ε-expansion to seven loops

FRG: [Balog et al. ‘19]
O(@6)

<latexit sha1_base64="KRYWII4IoLACKtD5oBzgZMWk5os=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCKkuVIsRjq2Bho0iEVmpCdeM6rVXnIdtBqqIs/AoLAyBWfoONv8FpM0DLkSwdnXPv9b3HizmTyrK+jdLC4tLySnm1sra+sbllbu/cyygRhNok4pHoeCApZyG1FVOcdmJBIfA4bXujq9xvP1IhWRTeqXFM3QAGIfMZAaWlnrnnBKCGBHh6k9WcGIRiwB9Oj3pm1apbE+B50ihIFRVo9cwvpx+RJKChIhyk7DasWLlpPpBwmlWcRNIYyAgGtKtpCAGVbjo5IMOHWuljPxL6hQpP1N8dKQRSjgNPV+brylkvF//zuonyz92UhXGiaEimH/kJxyrCeRq4zwQlio81ASKY3hWTIQggSmdW0SE0Zk+eJ/Zx/aJu3Z5Um5dFGmW0jw5QDTXQGWqia9RCNiIoQ8/oFb0ZT8aL8W58TEtLRtGzi/7A+PwBxAKWDw==</latexit><latexit sha1_base64="KRYWII4IoLACKtD5oBzgZMWk5os=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCKkuVIsRjq2Bho0iEVmpCdeM6rVXnIdtBqqIs/AoLAyBWfoONv8FpM0DLkSwdnXPv9b3HizmTyrK+jdLC4tLySnm1sra+sbllbu/cyygRhNok4pHoeCApZyG1FVOcdmJBIfA4bXujq9xvP1IhWRTeqXFM3QAGIfMZAaWlnrnnBKCGBHh6k9WcGIRiwB9Oj3pm1apbE+B50ihIFRVo9cwvpx+RJKChIhyk7DasWLlpPpBwmlWcRNIYyAgGtKtpCAGVbjo5IMOHWuljPxL6hQpP1N8dKQRSjgNPV+brylkvF//zuonyz92UhXGiaEimH/kJxyrCeRq4zwQlio81ASKY3hWTIQggSmdW0SE0Zk+eJ/Zx/aJu3Z5Um5dFGmW0jw5QDTXQGWqia9RCNiIoQ8/oFb0ZT8aL8W58TEtLRtGzi/7A+PwBxAKWDw==</latexit><latexit sha1_base64="KRYWII4IoLACKtD5oBzgZMWk5os=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCKkuVIsRjq2Bho0iEVmpCdeM6rVXnIdtBqqIs/AoLAyBWfoONv8FpM0DLkSwdnXPv9b3HizmTyrK+jdLC4tLySnm1sra+sbllbu/cyygRhNok4pHoeCApZyG1FVOcdmJBIfA4bXujq9xvP1IhWRTeqXFM3QAGIfMZAaWlnrnnBKCGBHh6k9WcGIRiwB9Oj3pm1apbE+B50ihIFRVo9cwvpx+RJKChIhyk7DasWLlpPpBwmlWcRNIYyAgGtKtpCAGVbjo5IMOHWuljPxL6hQpP1N8dKQRSjgNPV+brylkvF//zuonyz92UhXGiaEimH/kJxyrCeRq4zwQlio81ASKY3hWTIQggSmdW0SE0Zk+eJ/Zx/aJu3Z5Um5dFGmW0jw5QDTXQGWqia9RCNiIoQ8/oFb0ZT8aL8W58TEtLRtGzi/7A+PwBxAKWDw==</latexit>

⌫ = 0.63007(10)
<latexit sha1_base64="BYIgtE+R5J1GuF0JgLSuRF7ALtI=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0WomzBRsboQim5cVrC20IYymU7aoZNJmIdQQ7/EjQsVt/6KO//GaZuFth64cDjnXu69J0w5Uxqhb2dpeWV1bb2wUdzc2t4pubt7DyoxktAGSXgiWyFWlDNBG5ppTluppDgOOW2Gw5uJ33ykUrFE3OtRSoMY9wWLGMHaSl231BHmCnnnpwhVKz467rpl5KEp4CLxc1IGOepd96vTS4iJqdCEY6XaPkp1kGGpGeF0XOwYRVNMhrhP25YKHFMVZNPDx/DIKj0YJdKW0HCq/p7IcKzUKA5tZ4z1QM17E/E/r210dBFkTKRGU0FmiyLDoU7gJAXYY5ISzUeWYCKZvRWSAZaYaJtV0Ybgz7+8SBon3qWH7s7Ktes8jQI4AIegAnxQBTVwC+qgAQgw4Bm8gjfnyXlx3p2PWeuSk8/sgz9wPn8AleqQoA==</latexit><latexit sha1_base64="BYIgtE+R5J1GuF0JgLSuRF7ALtI=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0WomzBRsboQim5cVrC20IYymU7aoZNJmIdQQ7/EjQsVt/6KO//GaZuFth64cDjnXu69J0w5Uxqhb2dpeWV1bb2wUdzc2t4pubt7DyoxktAGSXgiWyFWlDNBG5ppTluppDgOOW2Gw5uJ33ykUrFE3OtRSoMY9wWLGMHaSl231BHmCnnnpwhVKz467rpl5KEp4CLxc1IGOepd96vTS4iJqdCEY6XaPkp1kGGpGeF0XOwYRVNMhrhP25YKHFMVZNPDx/DIKj0YJdKW0HCq/p7IcKzUKA5tZ4z1QM17E/E/r210dBFkTKRGU0FmiyLDoU7gJAXYY5ISzUeWYCKZvRWSAZaYaJtV0Ybgz7+8SBon3qWH7s7Ktes8jQI4AIegAnxQBTVwC+qgAQgw4Bm8gjfnyXlx3p2PWeuSk8/sgz9wPn8AleqQoA==</latexit><latexit sha1_base64="BYIgtE+R5J1GuF0JgLSuRF7ALtI=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0WomzBRsboQim5cVrC20IYymU7aoZNJmIdQQ7/EjQsVt/6KO//GaZuFth64cDjnXu69J0w5Uxqhb2dpeWV1bb2wUdzc2t4pubt7DyoxktAGSXgiWyFWlDNBG5ppTluppDgOOW2Gw5uJ33ykUrFE3OtRSoMY9wWLGMHaSl231BHmCnnnpwhVKz467rpl5KEp4CLxc1IGOepd96vTS4iJqdCEY6XaPkp1kGGpGeF0XOwYRVNMhrhP25YKHFMVZNPDx/DIKj0YJdKW0HCq/p7IcKzUKA5tZ4z1QM17E/E/r210dBFkTKRGU0FmiyLDoU7gJAXYY5ISzUeWYCKZvRWSAZaYaJtV0Ybgz7+8SBon3qWH7s7Ktes8jQI4AIegAnxQBTVwC+qgAQgw4Bm8gjfnyXlx3p2PWeuSk8/sgz9wPn8AleqQoA==</latexit>

successfully used in particle physics, statistical physics/condensed matter,  
e.g., Quantum Chromodynamics, BEC-BCS-crossover, 
strongly-correlated fermion systems,  
Wilson-Fisher universality classes & beyond, ….. [see Dupuis, Canet, AE, et al. ‘20]



Functional Renormalization Group in gravity

e��k[�] =

Z
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'(�p)Rk(p)'(p)

scale- and momentum- 
dependent ``mass”

→ e−Γk[⟨gμν⟩] = ∫ 𝒟hμνe−S[gμν]− 1
2 ∫ hμνRk(−D̄)μνκλhκλ

�k

S

�k!0

How to distinguish long and short 
``wavelength”?

 metric→

But metrics are summed over 
in the path integral?

 auxiliary background metric → ḡμν

gμν = ḡμν + hμν



Asymptotic safety in gravity: Results



Asymptotic safety in quantum gravity: Newton coupling

βGNk2 = βG = 2G − β0 G2 + . . .

classical gravity regime Planck scale quantum scale invariance

asymptotically safe regime

Fig 1: Illustration of zooming in on spacetime: Quantum fluctuations set in at the Planck scale. Beyond, a scale-invariant regime is realized. 
The corresponding Newton coupling, measured in units of the energy scale k, becomes asymptotically safe.
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[Reuter ’96; Souma ’99]



Asymptotic safety in quantum gravity: Newton coupling and cosmological 
constant

G

[Reuter, Saueressig ‘02]

Λ

asymptotically safe fixed point 

two relevant directions 

 connection to classical gravity? 

classical regime:  

 

 

→

GN = const ⇒ G = GN ⋅ k2 ∼ k2

Λ̄ = const ⇒ Λ = Λ̄/k2 ∼ 1/k2

⇒ G ⋅ Λ = const
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Asymptotic safety in quantum gravity: Newton coupling and cosmological 
constant

G

[Reuter, Saueressig ‘02]

Λ

asymptotically safe fixed point 

two relevant directions 

 connection to classical gravity? 

classical regime:  

 

 

→

GN = const ⇒ G = GN ⋅ k2 ∼ k2

Λ̄ = const ⇒ Λ = Λ̄/k2 ∼ 1/k2

⇒ G ⋅ Λ = const

RG trajectory ``of our universe” 

 first phenomenological test: fixed point in the UV connected to classical gravity in IR 

 cosmological-constant ``problem”: correct values of  realized on one particular trajectory

→

→ GN, Λ̄



Asymptotic safety in quantum gravity: Curvature-squared results

curvature-squared terms: 

bR2, a RμνRμν,
1
ρ

E

Einstein-Hilbert + curvature squared: 

4 couplings of local terms and one topological term 

 fixed point with three relevant directions, one irrelevant and one marginal→
[Benedetti, Machado, Saueressig ’09; 
Falls, Ohta, Percacci ’20]



Asymptotic safety in quantum gravity: Curvature-squared results

G

Λ

[Gubitosi, Oĳer, Ripken, Saueressig ’18]

curvature-squared terms: 

bR2, a RμνRμν,
1
ρ

E

Einstein-Hilbert + curvature squared: 

4 couplings of local terms and one topological term 

 fixed point with three relevant directions, one irrelevant and one marginal→
[Benedetti, Machado, Saueressig ’09; 
Falls, Ohta, Percacci ’20]

Classical gravity + Starobinsky inflation, driven by  ? 

 fixed point is connected to a low-energy regime with classical gravity 
and Starobinsky inflation (but the latter is not a must)

bR2

→



Asymptotic safety in quantum gravity: Higher order in curvature

scaling exponents of Rn, n = 0,...,70

[Falls, Litim, Schröder ’19], see also [Falls, Litim et al ’13, ’14…]

ϑn = − θn ≈ − 2n + 4

scaling exponents of 
F(RμνRμν)n + (RμνRμν)n, n = 0,...,10

[Falls, King, Litim, Rahmede ’18]

full f(R)? [Benedetti, Caravelli ’12; Dietz, Morris ’12, 

Demmel, Saueressig, Zanusso  ’14, ’15; 


Gonzalez-Martin, Morris, Slade ’17; 

Christiansen, Falls, Pawlowski, Reichert ‘17]



Three free parameters & near-perturbative nature

[Falls, Litim, Schröder ’19], see also [Falls, Litim et al ’13, ’14…]

[from AE ’18]

• Choose truncations according to canonical power-counting 
• Calculate critical exponents 
• Check whether they are close to canonical power-counting 


