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gµ⌫ = ⌘µ⌫ + hµ⌫

In GR, only the spin-2 propagates, with 2 dofs
<latexit sha1_base64="uiWY30lKwhvJ9lowmrLrtr7G5JA="></latexit>

Gµ⌫⇠� / 1

p2

✓
P(2)
µ⌫⇠� � 1

2
P(0,s)
µ⌫⇠� + gauge dependent

◆



Källén-Lehmann spectral representation
<latexit sha1_base64="tIcCtgY+pMwXJbXLrRvuJ0fUJXI="></latexit>

SEH =
1

16⇡GN

Z

x

p
g(2⇤cc �R)

Fluctuation graviton

<latexit sha1_base64="ESVMzdql7B6YahfjUfgv3Os/rPo=">AAACDHicbVDLSgMxFM34rK2Pqks3wSoIQplxUd0IRTcuK9gHdIaSSdM2NMkMeRTK0A9w46+4EVHEleAHuPNDdG36oGjrgcDJOeeS3BPGjCrtup/OwuLS8spqai2dWd/Y3Mpu71RUZCQmZRyxSNZCpAijgpQ11YzUYkkQDxmpht3LoV/tEaloJG50PyYBR21BWxQjbaVGNtduJD43vjCDc59oNL0dd6bUpty8OwKcJ96E5IoHX49vvcx3qZH98JsRNpwIjRlSqu65sQ4SJDXFjAzSvlEkRriL2qRuqUCcqCAZLTOAh1ZpwlYk7REajtTfEwniSvV5aJMc6Y6a9Ybif17d6NZZkFARG00EHj/UMgzqCA6bgU0qCdasbwnCktq/QtxBEmFt+0vbErzZledJ5STvFfKFa9vGBRgjBfbAPjgCHjgFRXAFSqAMMLgF9+AJPDt3zoPz4ryOowvOZGYX/IHz/gPz2qCi</latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫

In GR, only the spin-2 propagates, with 2 dofs

Tensor structures of the propagator

Relative minus sign necessary to cancel 
longitudinal part of spin-2
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Källén-Lehmann spectral representation

Defines the 
propagator for all 

time and space-like 
momenta
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Real time correlation functions

Real time correlation functions are necessary to compute quantum gravity 
observables and test unitarity



Real time correlation functions

A unitary theory has

No ghost and no tachyonic dofs
Bounded scattering amplitudes at high-energies: e.g. fully 1PI ressumed 
diagram

Perturbative GR amplitude 
breaks Froissart bounds
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(1) Gravity is perturbatively non-renormalisable 

(2) Need non-perturbative Lorentzian framework 

Challenges

Real time correlation functions are necessary to compute quantum gravity 
observables and test unitarity

No ghost and no tachyonic dofs



Naive perturbation 
theory fails in d=4

1 loop divergences:
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(1) RG fixed points in gravity Lose predictivity



AS can make gravity 
predictive and UV finite

Asymptotic 
Safety 

Historical hints from perturbation theory in 
d=2+eps:

Interacting 
fixed point

Naive perturbation 
theory fails in d=4

1 loop divergences:
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(1) RG fixed points in gravity

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79] 

[Kawai et al ’90]

Lose predictivity
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�g = "g +Bg2

UV

IR
<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

10-3 1 103
0

g*

log(k/Λ)

g(
k) <latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0



AS can make gravity 
predictive and UV finite

Asymptotic 
Safety 

Interacting 
fixed point

Naive perturbation 
theory fails in d=4

1 loop divergences:
<latexit sha1_base64="Y+0BfSKifzrdGtCGdRwHzwGwvyw="></latexit>

⇠ p
g, ⇠ p

gR, ⇠ p
gRµ⌫R

µ⌫ , ⇠ p
gR2

2 loop divergences:
<latexit sha1_base64="gNSutNCKjJ9DQUbMWCKOHmMuxqQ=">AAAB+XicbVDJSgNBEO2JW4zbaG56aQwBT2FGcTkGc/EYwSyQjKGn05M06Z4Zu2sCYchfePTiQRGv/ok3P8J/sLMcNPFBweO9Kqrq+bHgGhzny8qsrK6tb2Q3c1vbO7t79v5BXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/qEz8xpApzaPwDkYx8yTphTzglICROrbd1lzitn5QkPbGlfuzjl1wSs4UeJm4c1IoFw+/849uWu3Yn+1uRBPJQqCCaN1ynRi8lCjgVLBxrp1oFhM6ID3WMjQkkmkvnV4+xkWjdHEQKVMh4Kn6eyIlUuuR9E2nJNDXi95E/M9rJRBceSkP4wRYSGeLgkRgiPAkBtzlilEQI0MIVdzcimmfKELBhJUzIbiLLy+T+mnJvSid35o0rtEMWXSEjtEJctElKqMbVEU1RNEQPaEX9Gql1rP1Zr3PWjPWfCaP/sD6+AH6Y5Yu</latexit>

⇠ p
gC3

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

<latexit sha1_base64="3Dh5e3UfLqcKA+xigBnCnRgbfec=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZwctGLLpxWcFeoB1KJpNpYzPJkJwRSuk7uHGhiBsXPop7N+LbmF4W2vpD4OP/zyHnnDAV3IDnfTu5hcWl5ZX8qru2vrG5VdjeqRmVacqqVAmlGyExTHDJqsBBsEaqGUlCweph72qU1++ZNlzJW+inLEhIR/KYUwLWqrVopMC0C0Wv5I2F58GfQvHiwz1P377cSrvw2YoUzRImgQpiTNP3UggGRAOngg3dVmZYSmiPdFjToiQJM8FgPO0QH1gnwrHS9knAY/d3x4AkxvST0FYmBLpmNhuZ/2XNDOKzYMBlmgGTdPJRnAkMCo9WxxHXjILoWyBUczsrpl2iCQV7INcewZ9deR5qRyX/pHR84xXLl2iiPNpD++gQ+egUldE1qqAqougOPaAn9Owo59F5cV4npTln2rOL/sh5/wERLZJ2</latexit>··
·

(1) RG fixed points in gravity Lose predictivity

UV

IR
<latexit sha1_base64="mV7uGirzHZvWTx96/7cxlh7gcFo=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7C7UQDLGxjGg+IDnC3mYvWbK3d+zOCSHkJ9hYKGLrL7Lzp9i5uaTQxBcWHt53hp2ZIJHCoOt+ObmV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMb6Z585FrI2L1gKOE+xHtKxEKRtFa99Urt1ssuWU3E1kGbw6l6+8wU61b/Oz0YpZGXCGT1Ji25yboj6lGwSSfFDqp4QllQ9rnbYuKRtz442zUCTmxTo+EsbZPIcnc3x1jGhkzigJbGVEcmMVsav6XtVMML/2xUEmKXLHZR2EqCcZkujfpCc0ZypEFyrSwsxI2oJoytNcp2CN4iysvQ+Os7J2Xz+/cUqUKM+XhCI7hFDy4gArcQg3qwKAPT/ACr450np03531WmnPmPYfwR87HD2GckOk=</latexit>

B < 0

10-3 1 103
0

g*

log(k/Λ)

g(
k) <latexit sha1_base64="nl5SXXi2QdlXfY5sKVfwFZWLYuc=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4s1EqDNpYRzAckR9jbzCVL9vbO3b1ACPkdNhaK2Ppj7Pwpdm4uKTTxwcDjvRlm5gWJ4Nq47peTW1ldW9/Ibxa2tnd294r7B3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDG6nfmOISvNYPphRgn5Ee5KHnFFjJb89pAoTzUUsr9xOseSW3QxkmXhzUrr+DjNUO8XPdjdmaYTSMEG1bnluYvwxVYYzgZNCO9WYUDagPWxZKmmE2h9nR0/IiVW6JIyVLWlIpv6eGNNI61EU2M6Imr5e9Kbif14rNeGlP+YySQ1KNlsUpoKYmEwTIF2ukBkxsoQyxe2thPWposzYnAo2BG/x5WVSPyt75+Xze7dUuYEZ8nAEx3AKHlxABe6gCjVg8AhP8AKvztB5dt6c91lrzpnPHMIfOB8/kvaVrA==</latexit>

" > 0
<latexit sha1_base64="pBEbrfsQ9AbBNad1PqXK2x34RBc=">AAAB+XicbVDLSgMxFM34rONr1KWbYBFclZkuqhux6MZlBfuAzlAyaaYNzSQhyRTK0D9xI6KIWz/CvRvxb0wfC209cOFwzr3ce08sGdXG97+dldW19Y3Nwpa7vbO7t+8dHDa0yBQmdSyYUK0YacIoJ3VDDSMtqQhKY0aa8eBm4jeHRGkq+L0ZSRKlqMdpQjEyVup4XjhEikhNmeChEbDc8Yp+yZ8CLpNgTopXH+6lfPpyax3vM+wKnKWEG8yQ1u3AlybKkTIUMzJ2w0wTifAA9UjbUo5SoqN8evkYnlqlCxOhbHEDp+rviRylWo/S2HamyPT1ojcR//PamUkuopxymRnC8WxRkjFoX5zEALtUEWzYyBKEFbW3QtxHCmFjw3JtCMHiy8ukUS4FlVLlzi9Wr8EMBXAMTsAZCMA5qIJbUAN1gMEQPIBn8OLkzqPz6rzNWlec+cwR+APn/QfIjZbD</latexit>

" ! 2
What about d=4? Can we take

Use non-perturbative methods

Can try different renormalisation schemes (c.f. 
talks by Yannick and Renata), or…

Historical hints from perturbation theory in 
d=2+eps:

[Gastmans et al ’78] 
[Christensen, Duff ’78]  

[Weinberg ’79] 

[Kawai et al ’90]

<latexit sha1_base64="rypol3xySqeBB3rxmrpaoHWBsdg=">AAACBHicbVC7SgNBFJ31GRMfq5ZpBqMgCGE3RbQRQmwsI5gHJDHMTm42Q2Znl5nZQAgpbPwVGwtFtLTxD+z8EK2dPApNPHDhcM693HuPF3GmtON8WkvLK6tr64mNZGpza3vH3t2rqDCWFMo05KGseUQBZwLKmmkOtUgCCTwOVa93MfarfZCKheJaDyJoBsQXrMMo0UZq2emGB5q0/PNGn0iIFOOhwP5JEfs3uZadcbLOBHiRuDOSKRx+vb73U9+llv3RaIc0DkBoyolSddeJdHNIpGaUwyjZiBVEhPaID3VDBQlANYeTJ0b4yCht3AmlKaHxRP09MSSBUoPAM50B0V01743F/7x6rDtnzSETUaxB0OmiTsyxDvE4EdxmEqjmA0MIlczcimmXSEK1yS1pQnDnX14klVzWzWfzVyaNIpoigdLoAB0jF52iArpEJVRGFN2ie/SInqw768F6tl6mrUvWbGYf/YH19gNVtpuu</latexit>

�g = "g +Bg2



(1) Asymptotic safety in gravity

<latexit sha1_base64="iVb0sAjjLXs58luSFfWNIrbCNUg=">AAACD3icbZDLSsNAFIYnXmvrJerSTbAqglASF9WNUOrGZQV7gSaEyXSSDp1MwsykUELewI2v4kIXigiu3LrzQXTt9ELR1h8GPv5zDmfO78WUCGman9rC4tLyympuLV9Y39jc0rd3GiJKOMJ1FNGItzwoMCUM1yWRFLdijmHoUdz0epfDerOPuSARu5GDGDshDBjxCYJSWa5+FLipHSY2S7ILuwp5GmRT46Q7RVcvmiVzJGMerAkUKwdfD2/9wnfN1T/sToSSEDOJKBSibZmxdFLIJUEUZ3k7ETiGqAcD3FbIYIiFk47uyYxD5XQMP+LqMWmM3N8TKQyFGISe6gyh7IrZ2tD8r9ZOpH/upITFicQMjRf5CTVkZAzDMTqEYyTpQAFEnKi/GqgLOURSRZhXIVizJ89D47RklUvla5VGFYyVA3tgHxwDC5yBCrgCNVAHCNyCe/AEnrU77VF70V7HrQvaZGYX/JH2/gNrEaH6</latexit>

gµ⌫ = ḡµ⌫ + hµ⌫

<latexit sha1_base64="tIcCtgY+pMwXJbXLrRvuJ0fUJXI="></latexit>

SEH =
1

16⇡GN

Z

x

p
g(2⇤cc �R)First FRG steps: 

studying the Einstein-
Hilbert truncation

[Reuter ’96] [Souma ’99] 
[Reuter, Lauscher ’01] [Litim ’03]

[Reuter, Saueressig ’01]
Fluctuation graviton



<latexit sha1_base64="iVb0sAjjLXs58luSFfWNIrbCNUg=">AAACD3icbZDLSsNAFIYnXmvrJerSTbAqglASF9WNUOrGZQV7gSaEyXSSDp1MwsykUELewI2v4kIXigiu3LrzQXTt9ELR1h8GPv5zDmfO78WUCGman9rC4tLyympuLV9Y39jc0rd3GiJKOMJ1FNGItzwoMCUM1yWRFLdijmHoUdz0epfDerOPuSARu5GDGDshDBjxCYJSWa5+FLipHSY2S7ILuwp5GmRT46Q7RVcvmiVzJGMerAkUKwdfD2/9wnfN1T/sToSSEDOJKBSibZmxdFLIJUEUZ3k7ETiGqAcD3FbIYIiFk47uyYxD5XQMP+LqMWmM3N8TKQyFGISe6gyh7IrZ2tD8r9ZOpH/upITFicQMjRf5CTVkZAzDMTqEYyTpQAFEnKi/GqgLOURSRZhXIVizJ89D47RklUvla5VGFYyVA3tgHxwDC5yBCrgCNVAHCNyCe/AEnrU77VF70V7HrQvaZGYX/JH2/gNrEaH6</latexit>

gµ⌫ = ḡµ⌫ + hµ⌫

<latexit sha1_base64="tIcCtgY+pMwXJbXLrRvuJ0fUJXI="></latexit>

SEH =
1

16⇡GN

Z

x

p
g(2⇤cc �R)First FRG steps: 

studying the Einstein-
Hilbert truncation

[Reuter ’96] [Souma ’99] 
[Reuter, Lauscher ’01] [Litim ’03]

[Reuter, Saueressig ’01]
Fluctuation graviton

By now good evidence of a fixed point in d=4

Perturbative studies Non-perturbative studies

FRG extended 
truncations

[Lauscher, Reuter ’02] [Codello, Percacci ’05] [Codello, Percacci, Rahmede ’08]  
[Machado, Saueressig ’09] [Niedermaier ’09] [Benedetti, Caravelli ’12] [Dietz, Morris ’12]


[Falls, Litim, Nikolakopoulos, Rahmede ’13,’14] [Falls, King, Litim, Nikolakopoulos, 
Rahmede ’18] [Kluth, Litim ’20] [Kluth, Litim ’22]…Gravity in d=4+eps

[Kluth, ’24]
[Falls, Ferrero, ’24]

Algebraic QFT
Spectral FRG [Fehre, Litim, Pawlowski, Reichert ’21][Braun, et al ’22]

[d’Angelo, Rejzner ’23][d’Angelo ’24]

Talks by Yannick 
and Renata

(1) Asymptotic safety in gravity



Perturbative studies Non-perturbative studies

FRG extended 
truncations

<latexit sha1_base64="iVb0sAjjLXs58luSFfWNIrbCNUg=">AAACD3icbZDLSsNAFIYnXmvrJerSTbAqglASF9WNUOrGZQV7gSaEyXSSDp1MwsykUELewI2v4kIXigiu3LrzQXTt9ELR1h8GPv5zDmfO78WUCGman9rC4tLyympuLV9Y39jc0rd3GiJKOMJ1FNGItzwoMCUM1yWRFLdijmHoUdz0epfDerOPuSARu5GDGDshDBjxCYJSWa5+FLipHSY2S7ILuwp5GmRT46Q7RVcvmiVzJGMerAkUKwdfD2/9wnfN1T/sToSSEDOJKBSibZmxdFLIJUEUZ3k7ETiGqAcD3FbIYIiFk47uyYxD5XQMP+LqMWmM3N8TKQyFGISe6gyh7IrZ2tD8r9ZOpH/upITFicQMjRf5CTVkZAzDMTqEYyTpQAFEnKi/GqgLOURSRZhXIVizJ89D47RklUvla5VGFYyVA3tgHxwDC5yBCrgCNVAHCNyCe/AEnrU77VF70V7HrQvaZGYX/JH2/gNrEaH6</latexit>

gµ⌫ = ḡµ⌫ + hµ⌫

<latexit sha1_base64="tIcCtgY+pMwXJbXLrRvuJ0fUJXI="></latexit>

SEH =
1

16⇡GN

Z

x

p
g(2⇤cc �R)First FRG steps: 

studying the Einstein-
Hilbert truncation

[Reuter ’96] [Souma ’99] 
[Reuter, Lauscher ’01] [Litim ’03]

[Reuter, Saueressig ’01]
Fluctuation graviton

[Lauscher, Reuter ’02] [Codello, Percacci ’05] [Codello, Percacci, Rahmede ’08]  
[Machado, Saueressig ’09] [Niedermaier ’09] [Benedetti, Caravelli ’12] [Dietz, Morris ’12]


[Falls, Litim, Nikolakopoulos, Rahmede ’13,’14] [Falls, King, Litim, Nikolakopoulos, 
Rahmede ’18] [Kluth, Litim ’20] [Kluth, Litim ’22]…

LORENTZIAN

Spectral FRG is a Lorentzian framework: access to real time quantities

(1) Asymptotic safety in gravity

Gravity in d=4+eps
[Kluth, ’24]

[Falls, Ferrero, ’24]
Algebraic QFT
Spectral FRG [Fehre, Litim, Pawlowski, Reichert ’21][Braun, et al ’22]

[d’Angelo, Rejzner ’23][d’Angelo ’24]



(2) Regulators in Euclidean FRG 

Modifies the 
two-point 
function

The regulator implements the Wilsonian integrating out of momentum shells

Want a regulator which allows analytic continuations for k>0

<latexit sha1_base64="wQGNqab4CmAclkLI+R+r3zw4MFE=">AAAB+3icbVDLSsNAFJ3UV62vWJduhhahIpSki+pGKLpxWcU+sI1hMp22QyaTMDORhtC/cO3GhSJu/RF3/Runj4W2HrhwOOde7r3HixiVyrImRmZtfWNzK7ud29nd2z8wD/NNGcYCkwYOWSjaHpKEUU4aiipG2pEgKPAYaXn+9dRvPREhacjvVRIRJ0ADTvsUI6Ul18zfuf7lg+tD/7ECheuXRqeuWbTK1gxwldgLUqwVumfPk1pSd83vbi/EcUC4wgxJ2bGtSDkpEopiRsa5bixJhLCPBqSjKUcBkU46u30MT7TSg/1Q6OIKztTfEykKpEwCT3cGSA3lsjcV//M6sepfOCnlUawIx/NF/ZhBFcJpELBHBcGKJZogLKi+FeIhEggrHVdOh2Avv7xKmpWyXS1Xb3UaV2COLDgGBVACNjgHNXAD6qABMBiBF/AG3o2x8Wp8GJ/z1oyxmDkCf2B8/QAgbpYy</latexit>

Rk = Zkk
2rk(x)

<latexit sha1_base64="kIcSQn8d9L2oxMnhx9H18pd9mbk="></latexit>

roptimised(x) = x

✓
1

x
� 1

◆
✓(1� x)

e.g.
<latexit sha1_base64="9nxBHGWrkxErEWyafb/8xkHHgN8=">AAACAXicbVC7SgNBFJ31GRMfqzaCzeIDYmHYtVAbIWhjqWBMIInL7OSuDpl9MHNXEpa18VdsLBSxsLH0D+z8EK2dPAqNHrhwOOde7r3HiwVXaNsfxtj4xOTUdG4mX5idm18wF5fOVZRIBhUWiUjWPKpA8BAqyFFALZZAA09A1Wsf9fzqNUjFo/AMuzE0A3oZcp8zilpyzRXppg2EDqbQibOs2Nk6gIt0u5O55rpdsvuw/hJnSNbLG58vb9eFrxPXfG+0IpYEECITVKm6Y8fYTKlEzgRk+UaiIKasTS+hrmlIA1DNtP9BZm1qpWX5kdQVotVXf06kNFCqG3i6M6B4pUa9nvifV0/Q32+mPIwThJANFvmJsDCyenFYLS6BoehqQpnk+laLXVFJGerQ8joEZ/Tlv+R8p+TslnZPdRqHZIAcWSVrpEgcskfK5JickAph5IbckQfyaNwa98aT8TxoHTOGM8vkF4zXb7o5m4A=</latexit>

rexp(x) = e�x

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit>

Im(p2) <latexit sha1_base64="lgXLCs0Q1ySLd8xCVVWCsZt6Z9g=">AAAB6nicbVC7TgJBFL2LL8QXaqkxE4mJFdmlQEuijSVEF0hgJbPDLEyYnd3MzJqQDaWljYXG2PoRfIed3+BPODwKBU9yk5Nz7s299/gxZ0rb9peVWVldW9/Ibua2tnd29/L7B3UVJZJQl0Q8kk0fK8qZoK5mmtNmLCkOfU4b/uB64jceqFQsEnd6GFMvxD3BAkawNtJtfF/q5At20Z4CLRNnTgqV43Ht+/FkXO3kP9vdiCQhFZpwrFTLsWPtpVhqRjgd5dqJojEmA9yjLUMFDqny0umpI3RmlC4KImlKaDRVf0+kOFRqGPqmM8S6rxa9ifif10p0cOmlTMSJpoLMFgUJRzpCk79Rl0lKNB8agolk5lZE+lhiok06OROCs/jyMqmXik65WK6ZNK5ghiwcwSmcgwMXUIEbqIILBHrwBC/wanHr2Xqz3metGWs+cwh/YH38APABkUo=</latexit>

p2

[Litim ’00]

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit>

Im(p2)

Wick rotation

<latexit sha1_base64="MRzqcoX4BI61FLmHs56sPFlAP5I=">AAACBHicbZDLSsNAFIZPvNZ6i7qsSLAIgliSLqrLohuXLdgL9MZkOmmHTiZhZiKUkIULfRU3LhQRuvIh3PkMvoTTy0Jbfxj4+c45nDm/GzIqlW1/GUvLK6tr66mN9ObW9s6uubdflUEkMKnggAWi7iJJGOWkoqhipB4KgnyXkZo7uB7Xa3dESBrwWzUMSctHPU49ipHSqGNmwnb+bNDOk3Z83vQEwrEGSaxJknTMrJ2zJ7IWjTMz2eLhqPz9cDQqdczPZjfAkU+4wgxJ2XDsULViJBTFjCTpZiRJiPAA9UhDW458Ilvx5IjEOtGka3mB0I8ra0J/T8TIl3Lou7rTR6ov52tj+F+tESnvshVTHkaKcDxd5EXMUoE1TsTqUkGwYkNtEBZU/9XCfaSjUDq3tA7BmT950VTzOaeQK5R1GlcwVQoycAyn4MAFFOEGSlABDPfwBC/wajwaz8ab8T5tXTJmMwfwR8bHD+i+m1w=</latexit>

p2 + k2e�
p2

k2



(2) Callan-Symanzik Regulator

Can define a KL spectral representation with a Callan-
Symanzik cutoff 

Can analytically continue to Lorentzian signature at k>0

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit>

Im(p2) <latexit sha1_base64="lgXLCs0Q1ySLd8xCVVWCsZt6Z9g=">AAAB6nicbVC7TgJBFL2LL8QXaqkxE4mJFdmlQEuijSVEF0hgJbPDLEyYnd3MzJqQDaWljYXG2PoRfIed3+BPODwKBU9yk5Nz7s299/gxZ0rb9peVWVldW9/Ibua2tnd29/L7B3UVJZJQl0Q8kk0fK8qZoK5mmtNmLCkOfU4b/uB64jceqFQsEnd6GFMvxD3BAkawNtJtfF/q5At20Z4CLRNnTgqV43Ht+/FkXO3kP9vdiCQhFZpwrFTLsWPtpVhqRjgd5dqJojEmA9yjLUMFDqny0umpI3RmlC4KImlKaDRVf0+kOFRqGPqmM8S6rxa9ifif10p0cOmlTMSJpoLMFgUJRzpCk79Rl0lKNB8agolk5lZE+lhiok06OROCs/jyMqmXik65WK6ZNK5ghiwcwSmcgwMXUIEbqIILBHrwBC/wanHr2Xqz3metGWs+cwh/YH38APABkUo=</latexit>

p2

<latexit sha1_base64="SoATo/z1M+bXVYJNxDG9/wdOthA=">AAAB/nicbVC7TgJBFJ3FF+ILNdrYTCQmVmSXAm1MCDSWoPKIgJvZYYDJzj4yc9dINiT+io2Fhtj6AX6BnY3f4vAoFDzJTU7OuTf33uOEgiswzS8jsbS8srqWXE9tbG5t76R392oqiCRlVRqIQDYcopjgPqsCB8EaoWTEcwSrO25p7NfvmVQ88G9gELK2R3o+73JKQEt2+uDKjlvAHiAuXQ+HF7e2i927nJ3OmFlzArxIrBnJFA4r33xU/Cjb6c9WJ6CRx3yggijVtMwQ2jGRwKlgw1QrUiwk1CU91tTUJx5T7Xhy/hCfaKWDu4HU5QOeqL8nYuIpNfAc3ekR6Kt5byz+5zUj6J63Y+6HETCfThd1I4EhwOMscIdLRkEMNCFUcn0rpn0iCQWdWEqHYM2/vEhquayVz+YrOo0imiKJjtAxOkUWOkMFdInKqIooitETekGvxqPxbIyMt2lrwpjN7KM/MN5/AJ9nmPk=</latexit>

RCS = Zkk
2

<latexit sha1_base64="ZQdZ2Ap/YwSW/ENyf9kgZCfjQMI=">AAAB9XicbVDJTgJBEO3BDXFDPXqZQEwwJmSGA3okevGIRpaEGUhPU0CHniXdNSqZ8BcevHjQGK/+izf+xmY5KPiSSl7eq0pVPS8SXKFlTYzU2vrG5lZ6O7Ozu7d/kD08qqswlgxqLBShbHpUgeAB1JCjgGYkgfqegIY3vJ76jQeQiofBPY4icH3aD3iPM4paajsIT5jcwbgQtUtnnWzeKlozmKvEXpB8JeecP08qo2on++10Qxb7ECATVKmWbUXoJlQiZwLGGSdWEFE2pH1oaRpQH5SbzK4em6da6Zq9UOoK0JypvycS6is18j3d6VMcqGVvKv7ntWLsXboJD6IYIWDzRb1YmBia0wjMLpfAUIw0oUxyfavJBlRShjqojA7BXn55ldRLRbtcLN/qNK7IHGlyQnKkQGxyQSrkhlRJjTAiyQt5I+/Go/FqfBif89aUsZg5Jn9gfP0AGliVPQ==</latexit>

Re(p2)

<latexit sha1_base64="vzAqmmUaWWVjPFaksVd0MZ1dfTc=">AAAB9XicbVDJSgNBEO2JW4xb1KOXJkGICGEmh+gx6EVvEcwCmUno6fQkTXoWumvUYchfePDiQRGv/ou3/I2d5aCJDwoe71VRVc+NBFdgmhMjs7a+sbmV3c7t7O7tH+QPj5oqjCVlDRqKULZdopjgAWsAB8HakWTEdwVruaPrqd96YFLxMLiHJGKOTwYB9zgloKWuDewJ0lt/XIq6lbNevmiWzRnwKrEWpFgr2OfPk1pS7+W/7X5IY58FQAVRqmOZETgpkcCpYOOcHSsWEToiA9bRNCA+U046u3qMT7XSx14odQWAZ+rviZT4SiW+qzt9AkO17E3F/7xODN6lk/IgioEFdL7IiwWGEE8jwH0uGQWRaEKo5PpWTIdEEgo6qJwOwVp+eZU0K2WrWq7e6TSu0BxZdIIKqIQsdIFq6AbVUQNRJNELekPvxqPxanwYn/PWjLGYOUZ/YHz9ABjFlTw=</latexit>

Im(p2) <latexit sha1_base64="qte/3krS7nZtY6QCHjE8Jn0vi6o=">AAAB7nicbVDLSgNBEOz1GeMr6lGRwSAIQtjNIXoMevGYgHlAsgmzk9lk2NndYWZWCEuOfoAXD4p49RPyHd78Bn/CyeOgiQUNRVU33V2e4Exp2/6yVlbX1jc2M1vZ7Z3dvf3cwWFdxYkktEZiHsumhxXlLKI1zTSnTSEpDj1OG15wO/EbD1QqFkf3eiioG+J+xHxGsDZSQ3SKl0Gn2M3l7YI9BVomzpzkyyfj6vfj6bjSzX22ezFJQhppwrFSLccW2k2x1IxwOsq2E0UFJgHu05ahEQ6pctPpuSN0bpQe8mNpKtJoqv6eSHGo1DD0TGeI9UAtehPxP6+VaP/aTVkkEk0jMlvkJxzpGE1+Rz0mKdF8aAgmkplbERlgiYk2CWVNCM7iy8ukXiw4pUKpatK4gRkycAxncAEOXEEZ7qACNSAQwBO8wKslrGfrzXqfta5Y85kj+APr4wdHJ5KY</latexit>

p2 + k2

Wick rotation

Regulated two-
point function

[Braun, et al ’22]



Can define a KL spectral representation with a Callan-
Symanzik cutoff 

<latexit sha1_base64="SoATo/z1M+bXVYJNxDG9/wdOthA=">AAAB/nicbVC7TgJBFJ3FF+ILNdrYTCQmVmSXAm1MCDSWoPKIgJvZYYDJzj4yc9dINiT+io2Fhtj6AX6BnY3f4vAoFDzJTU7OuTf33uOEgiswzS8jsbS8srqWXE9tbG5t76R392oqiCRlVRqIQDYcopjgPqsCB8EaoWTEcwSrO25p7NfvmVQ88G9gELK2R3o+73JKQEt2+uDKjlvAHiAuXQ+HF7e2i927nJ3OmFlzArxIrBnJFA4r33xU/Cjb6c9WJ6CRx3yggijVtMwQ2jGRwKlgw1QrUiwk1CU91tTUJx5T7Xhy/hCfaKWDu4HU5QOeqL8nYuIpNfAc3ekR6Kt5byz+5zUj6J63Y+6HETCfThd1I4EhwOMscIdLRkEMNCFUcn0rpn0iCQWdWEqHYM2/vEhquayVz+YrOo0imiKJjtAxOkUWOkMFdInKqIooitETekGvxqPxbIyMt2lrwpjN7KM/MN5/AJ9nmPk=</latexit>

RCS = Zkk
2 Give up finiteness:  

All loop momenta contribute 
above cutoff k

Spectral flow equation
<latexit sha1_base64="4BkEAfVQ1BhXTBr7asFY4G+I53s="></latexit>

@t�k =
1

2
TrGk@tRk � @tSct,k

UV divergences renormalised at every RG step using  
dimensional regularisation around d=4

(2) Callan-Symanzik Regulator

[Fehre, Litim, Pawlowski, Reichert ’21][Braun, et al ’22]



Successful implementation in gravity

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!

[Fehre, Litim, Pawlowski, Reichert ’21]



Successful implementation in gravity [Fehre, Litim, Pawlowski, Reichert ’21]
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Positive definite!



Successful implementation in gravity [Fehre, Litim, Pawlowski, Reichert ’21]

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!

Positive definite!

Gives access to timelike and 
spacelike propagator



Successful implementation in gravity [Fehre, Litim, Pawlowski, Reichert ’21]

Matches EFT up to 90% accuracy 
in the IR

Positive definite!

Gives access to timelike and 
spacelike propagator

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!



Successful implementation in gravity [Fehre, Litim, Pawlowski, Reichert ’21]

Matches EFT up to 90% accuracy 
in the IR

Positive definite!

Gives access to timelike and 
spacelike propagator

<latexit sha1_base64="uiWY30lKwhvJ9lowmrLrtr7G5JA="></latexit>

Gµ⌫⇠� / 1

p2

✓
P(2)
µ⌫⇠� � 1

2
P(0,s)
µ⌫⇠� + gauge dependent

◆
What about the scalar mode?

Recall

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!



Including the scalar graviton mode 
<latexit sha1_base64="Fnr6qwfIK8sLVRPZI/YModif3iE="></latexit>

�(hh),µ⌫⇢� = �(hh)
TT ⇧µ⌫⇢�

TT + �(hh)
0 ⇧µ⌫⇢�

0 + gauge and ghost modes
[Fehre, Litim, Pawlowski, 

Reichert ’21]
[Assant, Litim, Reichert, 

in prep]



Including the scalar graviton mode 
<latexit sha1_base64="Fnr6qwfIK8sLVRPZI/YModif3iE="></latexit>

�(hh),µ⌫⇢� = �(hh)
TT ⇧µ⌫⇢�

TT + �(hh)
0 ⇧µ⌫⇢�

0 + gauge and ghost modes
[Fehre, Litim, Pawlowski, 

Reichert ’21]
[Assant, Litim, Reichert, 

in prep]

Coupled renormalisation group flows for the TT and scalar modes 

Red lines: scalar mode propagator 
Blue lines: TT mode propagator

Black lines: Full propagator 
Dashed lines: ghost propagator 



Including the scalar graviton mode 
<latexit sha1_base64="Fnr6qwfIK8sLVRPZI/YModif3iE="></latexit>

�(hh),µ⌫⇢� = �(hh)
TT ⇧µ⌫⇢�

TT + �(hh)
0 ⇧µ⌫⇢�

0 + gauge and ghost modes
[Fehre, Litim, Pawlowski, 

Reichert ’21]
[Assant, Litim, Reichert, 

in prep]

Coupled renormalisation group flows for the TT and scalar modes 

Red lines: scalar mode propagator 
Blue lines: TT mode propagator

Black lines: Full propagator 
Dashed lines: ghost propagator 

How do we solve these flows?



UV-IR trajectory
Lorentzian signature fixed point.  

Agrees with Euclidean FRG

Require
<latexit sha1_base64="csnQpGGayThDu2dUju9wI7HBc54=">AAAB/nicbVDLSsNAFJ3UV62vqLhSJFgEVyVxUd0IRTcuW+gLmhAm00k7dPJg5kYsIeDGD3HjQhG3/Q53foM/4aTtQqsHLpw5517m3uPFnEkwzU+tsLS8srpWXC9tbG5t7+i7e20ZJYLQFol4JLoelpSzkLaAAafdWFAceJx2vNFN7nfuqJAsCpswjqkT4EHIfEYwKMnVD+wgcVMb6D2kzWaWXeVv09XLZsWcwvhLrDkp144mja/H40nd1T/sfkSSgIZAOJayZ5kxOCkWwAinWclOJI0xGeEB7Ska4oBKJ52unxmnSukbfiRUhWBM1Z8TKQ6kHAee6gwwDOWil4v/eb0E/EsnZWGcAA3J7CM/4QZERp6F0WeCEuBjRTARTO1qkCEWmIBKrKRCsBZP/kva5xWrWqk2VBrXaIYiOkQn6AxZ6ALV0C2qoxYiKEVP6AW9ag/as/amvc9aC9p8Zh/9gjb5BoX6mY8=</latexit>µTT = µ0



UV-IR trajectory
Lorentzian signature fixed point.  

Agrees with Euclidean FRG

Integrate the flows down to k=0 
Match to GR in the IR with initial 

conditions for RG flow

Require
<latexit sha1_base64="csnQpGGayThDu2dUju9wI7HBc54=">AAAB/nicbVDLSsNAFJ3UV62vqLhSJFgEVyVxUd0IRTcuW+gLmhAm00k7dPJg5kYsIeDGD3HjQhG3/Q53foM/4aTtQqsHLpw5517m3uPFnEkwzU+tsLS8srpWXC9tbG5t7+i7e20ZJYLQFol4JLoelpSzkLaAAafdWFAceJx2vNFN7nfuqJAsCpswjqkT4EHIfEYwKMnVD+wgcVMb6D2kzWaWXeVv09XLZsWcwvhLrDkp144mja/H40nd1T/sfkSSgIZAOJayZ5kxOCkWwAinWclOJI0xGeEB7Ska4oBKJ52unxmnSukbfiRUhWBM1Z8TKQ6kHAee6gwwDOWil4v/eb0E/EsnZWGcAA3J7CM/4QZERp6F0WeCEuBjRTARTO1qkCEWmIBKrKRCsBZP/kva5xWrWqk2VBrXaIYiOkQn6AxZ6ALV0C2qoxYiKEVP6AW9ag/as/amvc9aC9p8Zh/9gjb5BoX6mY8=</latexit>µTT = µ0

<latexit sha1_base64="QzLFap2u7omkwuLqEBOVsMf/2gQ=">AAAB9XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRbQRQmwsLBIwD0jWMDs7mwyZnV1mZpWw5D9sLBSxE3/CL7Cz8VucPApNPDBwOOdc7p3jxZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VJRIQusk4pFseVhRzgSta6Y5bcWS4tDjtOkNLsd+845KxSJxo4cxdUPcEyxgBGsj3XauTdTH3ZSQ0YXdzRfsoj0BWiTOjBTKB7Vv9lb5qHbznx0/IklIhSYcK9V27Fi7KZaaEU5HuU6iaIzJAPdo21CBQ6rcdHL1CB0bxUdBJM0TGk3U3xMpDpUahp5Jhlj31bw3Fv/z2okOzt2UiTjRVJDpoiDhSEdoXAHymaRE86EhmEhmbkWkjyUm2hSVMyU4819eJI3TolMqlmqmjQpMkYVDOIITcOAMynAFVagDAQkP8ATP1r31aL1Yr9NoxprN7MMfWO8/5NWV1Q==</latexit>

⇤cc = 0We choose

<latexit sha1_base64="jcfVBCTYbgyH6nsDRd7knz7P5F0="></latexit>

(k�2g, k2µ)|k!0= (GN ,�2⇤cc)



UV-IR trajectory
Lorentzian signature fixed point.  

Agrees with Euclidean FRG

Integrate the flows down to k=0 
Match to GR in the IR with initial 

conditions for RG flow
<latexit sha1_base64="QzLFap2u7omkwuLqEBOVsMf/2gQ=">AAAB9XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRbQRQmwsLBIwD0jWMDs7mwyZnV1mZpWw5D9sLBSxE3/CL7Cz8VucPApNPDBwOOdc7p3jxZwpbdtfVmZpeWV1Lbue29jc2t7J7+41VJRIQusk4pFseVhRzgSta6Y5bcWS4tDjtOkNLsd+845KxSJxo4cxdUPcEyxgBGsj3XauTdTH3ZSQ0YXdzRfsoj0BWiTOjBTKB7Vv9lb5qHbznx0/IklIhSYcK9V27Fi7KZaaEU5HuU6iaIzJAPdo21CBQ6rcdHL1CB0bxUdBJM0TGk3U3xMpDpUahp5Jhlj31bw3Fv/z2okOzt2UiTjRVJDpoiDhSEdoXAHymaRE86EhmEhmbkWkjyUm2hSVMyU4819eJI3TolMqlmqmjQpMkYVDOIITcOAMynAFVagDAQkP8ATP1r31aL1Yr9NoxprN7MMfWO8/5NWV1Q==</latexit>

⇤cc = 0We choose

<latexit sha1_base64="jcfVBCTYbgyH6nsDRd7knz7P5F0="></latexit>

(k�2g, k2µ)|k!0= (GN ,�2⇤cc)

Do the scalar and TT modes have spectral functions?  
What are their properties?

Require
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Coupled spectral functions

[Fehre, Litim, Pawlowski, Reichert ’21]
[Bonanno, Denz, Pawlowski, Reichert ’21]

A positive definite solution still 
exists for the TT mode! 

It agrees qualitatively with previous findings



Coupled spectral functions

Comparable to

[Fehre, Litim, Pawlowski, Reichert ’21]
[Bonanno, Denz, Pawlowski, Reichert ’21]

IR: matches EFT coefficient (90%)

UV: Spectral functions are not 
normalisable



Coupled spectral functions

IR: matches EFT coefficient (90%)

UV: Spectral functions are not 
normalisable

[Fehre, Litim, Pawlowski, Reichert ’21]
[Bonanno, Denz, Pawlowski, Reichert ’21]

Dashed line: negative
Scalar spectral function has a change of sign

Scalar spectral 
function has 

spectral 
properties of an 
off-shell mode

Comparable to
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Finite couplings which introduce no new poles in the propagators
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Our framework allows for first principles computation of non-perturbative form factors

They are directly related to the spectral function

For all spectral functions in the talk:  
Finite couplings which introduce no new poles in the propagators

Applications:
Quantum black holes

Unitarity and scattering

[Pawlowski, Tränkle ’23]

[Knorr, Ripken, Saueressig ’22]

…



Improved TT spectral function
Extend approximation to match EFT to 100% accuracy in the IR 

[Fehre, Litim, Pawlowski, Reichert ’21] [Assant, Litim, Reichert, in prep]
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Extend approximation to match EFT to 100% accuracy in the IR 

[Fehre, Litim, Pawlowski, Reichert ’21] [Assant, Litim, Reichert, in prep]
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Extend approximation to match EFT to 100% accuracy in the IR 

UV: New approximation has 
a large effect on the 
asymptotic scaling

Improved TT spectral function

[Fehre, Litim, Pawlowski, Reichert ’21] [Assant, Litim, Reichert, in prep]
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On-shell improved spectral functions
Previously, dim reg renormalisation conditions

Now
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Simplify computations! 
Useful for scattering 

Previously, dim reg renormalisation conditions

Now
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Delta peak parameter 
flows are trivial
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Decouple TT and 
scalar modes

On-shell improved spectral functions



Simplify computations! 
Useful for scattering 

IR: matches EFT coefficient with 
100% accuracy 

UV: Spectral functions are 
normalisable

Previously, dim reg renormalisation conditions

Now
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Zh (k) = 1 ! ! h (k) = 0

Decouple TT and 
scalar modes

Positive definite TT mode 
spectral function

On-shell improved spectral functions



Extended the computation of the TT spectral function in three ways:

(1) Coupled to the scalar graviton mode 

(2) Included the feedback of the continuum into the propagator 

(3) On-shell renormalisation scheme simplifies flows while capturing the 
physics of the two-point function

Conclusion
[Fehre, Litim, Pawlowski, Reichert ’21]
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(2) Included the feedback of the continuum into the propagator 

(3) On-shell renormalisation scheme simplifies flows while capturing the 
physics of the two-point function

For (1,2,3):

Scalar graviton mode is off-shell (change of sign)

Found a Lorentzian signature fixed point in d=4

TT graviton mode has a positive definite spectral function

Conclusion
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Conclusion
Extended the computation of the TT spectral function in three ways:

(1) Coupled to the scalar graviton mode 

(2) Included the feedback of the continuum into the propagator 

(3) On-shell renormalisation scheme simplifies flows while capturing the 
physics of the two-point function

For (1,2,3):

Scalar graviton mode is off-shell (change of sign)

Found a Lorentzian signature fixed point in d=4

TT graviton mode has a positive definite spectral function

Quantum propagators: same pole structure as GR although the quantum 
effective action includes curvature squared terms

[Fehre, Litim, Pawlowski, Reichert ’21]



Backup slide - mass flows

Solution to this flow is a complex 
cosmological constant

Distinguish the TT and scalar mass parameters 

+
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Exemplary part of the TT two-point function flow from the self-energy diagram
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poles Delta peak becomes complex 

conjugated!


