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Metric ( Cosmological constant A
1
Einstein-Hilbert action S1gu| = /d4az v/ —det g, [R(gu) — 2A]
167TGN
Newton constant (5 Ricci scalar R(g)
Momentum dimension of couplings dimGy = —2 dim A = 2

perturbatively non-renormalisable

1
graviton propagator : 0000000 X —5)
p

3 — grav. vertex : mﬁ X /GNPQ

4 — grav. vertex : M X GNp2
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Asymptotic safety

Metric ( Cosmological constant A
1
Einstein-Hilbert action S1gu| = /d4az v/ —det g, [R(gu) — 2A]
167TGN
Newton constant (5 Ricci scalar R(g)
Momentum dimension of couplings dimGy = —2 dim A = 2

perturbatively non-renormalisable

diffeomorphism invariant not diffeomorphism invariant
Correlation functions (R(g(x1)) - R(g(zn))) (g(x1) - g(zn))
Ricci scalar correlations metric correlations
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» Standard perturbation theory
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» Generalised perturbation theory

e.g. aiming at better convergence

non-perturbative example: analytic perturbation theory in QCD

* Renormalisation group fixed points

beta functions

dimensionless coupling ( @tg — 59 (g, ,u)

Logarithmic momentum (RG) scale: { = log —
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Asymptotic safety

Weinberg " 79: Ultraviolet Divergences in Quantum Theories of Gravitation

Consider an observable (’)(g) with fundamental coupling g

» Standard perturbation theory

1
O(g) =00+ O1 9+ 50292+"'
» Generalised perturbation theory

e.g. aiming at better convergence

non-perturbative example: analytic perturbation theory in QCD

* Renormalisation group fixed points

beta functions Fixed points

dimensionless coupling ( @tg — 59 (g, ,u) 59 (g*, ,u*) = 0

dimensionless mass parameter [/ at,u = 6/1 (gv :LL) 4 6“ (g*’ ,LL*) =0



Asymptotic safety

Consider an observable (’)(g) with fundamental coupling g

= Ultraviolet running

QCD
1 22N, .

Asymptotic freedom

* Renormalisation group fixed points

beta functions

atg = 59(97 :u)

at:u B 6#(97 :LL)

quantum gravity

Bon = [2 _|_77N(9N7)\)]9N

b

dimensional running quantum fluctuations
Asymptotic safety
A
2 -

Fixed points
59 (g*a ILL*) =0

ﬁu(g*a :u*) =0



Asymptotic safety

Consider an observable (’)(g) with fundamental coupling g

= Ultraviolet running

QCD quantum gravity
1 S8 .
= Bgn = {2 + NN (gN, A ]QN
dimensional running quantum fluctuations
Asymptotic freedom Asymptotic safety
NN = —2
GauBlian fixed point non-GauBian fixed point
(g, A") # 0

* Renormalisation group fixed points

beta functions Fixed points

ﬁtgzﬁg(gmu) 5g(g*aﬂ*) =0

at:uzﬁ,u(gmu) 5 ﬁu(g*aﬂ*) =
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Diagrammatic approach with gauge fixing
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Effective action/free energy gauge fields fermions bosons gravity
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Linear split

Fluctuation fields
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Computing the effective action

Common approach: the functional renormalisation group

Diagrammatic approach with gauge fixing
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Effective action/free energy

Linear split

Fluctuation fields

1
kOrL'i|g, @] = 5

g=g+h

¢ —~ (¢grav 9 ¢mat)

Computing the effective action

Common approach: the functional renormalisation group

Diagrammatic approach with gauge fixing

Matter: ¢mat - (A;u c, C, w, ¢, L, ) Pure Gravity: ¢grav = (h,uy » Crus EM)
gauge fields fermions bosons gravity
X AN & X | Q.
6 2-1{ ¢ - +fl ¢ — AP
' / o °
¥ \\/‘;‘ A x LT 2
R 1 , \ ““““

\%[g,quRkJ

Background effective action I'\g,,, = I'[g,, , Pgrav = 0, Pmat]

Manifestly background independent effective action

6
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Asymptotically safe observables

How to?

diffeomorphism invariant

(R(g(z1)) - - R(g(Tn)))

Ricci scalar correlations

Equations of motion * & derivatives

Manifestly background independent effective action F[gu,/]

* Fluctuation hw/ =0 Reconstruction/unfolding

Gauge-fixed effective action F[gluy, hw/]

Equations of motion * & derivatives

not diffeomorphism invariant
Reconstructing & unfolding, recent works:
(h(z1) -+ - h(zn)) N
Knorr, Saueressig, PRL 121 (2018) 161304
metric correlations Fraaije, Platania, Saueressig, 834 (2022) 137399
7 JMP, Trankle, 2309.17043



Asymptotically safe correlation functions
JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785
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Computing the effective action

Effective action/free energy gauge fields fermions bosons gravity
® B X &) ®
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Fluctuation approach Background approximation
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Computing the effective action

Loop: Ir f(V,, R, R, ...; 0,0, ...)

Fluctuation approach Background approximation
ompute 5n+m[‘[§7 h] — N 4l
wompet Shnég™ |,_o ol oy
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g flat: fn(?,f{, R,Uﬂ/v ) — fn(p) D f’n(p70707 )

Compute ‘standard’ momentum loops’



Computing the effective action

Loop: Ir f(V,, R, R, ...; 0,0, ...)

Fluctuation approach Background approximation

6" T™I[g, h]
Shndgm

Compute

- fn(va Ra R,uw )
$=0

in a given background (g

g flat: fn(?,}?, RMW ) — fn(p) D fn(p,(),(), )

Compute ‘standard’ momentum loops’

Those are my backgrounds (principles),
and if you don’t like them...well | have others

Covariantly constant backgrounds: Christiansen, Falls, JMP, Reichert, PRD 97 (2018) 046007



Computing the effective action

Loop: Ir f(V,, R, R, ...; 0,0, ...)

Fluctuation approach Background approximation

5 lg, -
N, ’r;L = fn(vaRvR V?"')
Oh™0¢ - ¥ F[g, h] = Fqu[g, h] i Fgf[ga h] A Fqu[g7 O] 0 Fgf[ga h]

Compute
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Computing the effective action

Loop: Ir f(V,, R, R, ...; 0,0, ...)

Fluctuation approach Background approximation

"+ mLlg, —
’r;L :fn(vaRvR V?"')

Compute

in a given background ¢ -
J d 9 Compute loops at vanishing fluctuation field § — (

g flat: fn(?,}?, RMW ) — fn(p) D fn(p,(),(), )

Compute ‘standard’ momentum loops’

Those are my backgrounds (principles),
and if you don’t like them...well | have others

Covariantly constant backgrounds: Christiansen, Falls, JMP, Reichert, PRD 97 (2018) 046007



Computing the effective action

Loop: Ir f(V,, R, R, ...; 0,0, ...)

Fluctuation approach Background approximation
0" t™I'[g, h e
Compute 5hn5[9ﬂ; ] — [ Bl ...)
P lg=o L(g, h] = Tqulg, h] + Tetlg, bl ~ Tqulg, 0] + Tge[g, h]

in a given background ¢ -
J d 9 Compute loops at vanishing fluctuation field § — (

g flat: fn(?,}?, RMV? ) — fn(p) D fn(p,(),(), )

Compute ‘standard’ momentum loops’

Dol Bl . ... 0u0. ...) —4Abufl Bl  ...)

Those are my backgrounds (principles), Heat kernel techniques with covariantly constant backgrounds
and if you don’t like them...well | have others

Covariantly constant backgrounds: Christiansen, Falls, JMP, Reichert, PRD 97 (2018) 046007



Background (in)dependence in gravity

aka
background and fluctuations fields, modified STIs and their importance

free energy gauge fields fermions bosons gravity
& - 3¢ &

B 1 /’/ \\\ 1 .o .® o.
kOulklg, ¢l = 55 ¢ y s 3 ¢ —A? v
Linear split T el
g=g+h

Effective action
Foia Bl = Tolal 4 TOD @ o 74 2pO2) o, 72 1p03) 20 73 .
6(9, bl = Tilg] + T [g] x A+ ST [g] + A% 4 ST [g] + A” + (h={(h))
11 JMP, Reichert, Front.in Phys. 8 (2021) 527
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Background (in)dependence in gravity

aka
background and fluctuations fields, modified STIs and their importance

free energy gauge fields fermions bosons gravity
R R R R ?
n 1 1 T
WOLg. =55 ¢ G- ¢ - t3 U ¢ —A?
Linear split T el
g=g+h
Effective action
Poia Bl = Tolal L 7OV o 7 1 2p@2) o 72 1p©03) 73 =
k1, hl =Tklg] + T}, [9]*h+§rk g] = h +6Fk gl xh” + - Chz(hD
= (0,1) - (0,2) (0,3) 1~
{rugl, T lg) 107, TVl - |
11 JMP, Reichert, Front.in Phys. 8 (2021) 527
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Background (in)dependence in gravity

aka
background and fluctuations fields, modified STIs and their importance

free energy gauge fields fermions bosons gravity
A~ X X ®
kOkL'ilg, 9] = - g - o i1 —
\ / 2 9 AW Vv

Linear split

g=g-+h

Effective action
background & gauge dependent

(0, (0,2) 2 4 (03) 3 4
[ gl *xh+ F g] * h° + 6F gl * h ] (h )

background independent

{ @(o I (0 2) 3], F](60,3) .l )}

Se vogliamo che tutto rimanga come e,

bisogna che tutto cambi.
Il Gattopardo

11 JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Effective action

Background effective action

From vertex dressings/distribution functions to physics

- _ 2N — R
[lg. byl = [ |Sgg + RIR(A) R+ Clo(A)C + - o+
1 ( A
o) = o= [ V3 RAR) + Rina(A)R+ Ry fz, (AR +-

Se vogliamo che tutto rimanga come e,

bisogna che tutto cambi.

Il Gattopardo

aka
form factors

JMP, Trankle, 2309.17043

R fr2(A,R)R = R(A,R) + Rfg2 (AR}

12

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Effective action

Background effective action

From vertex dressings/distribution functions to physics

- _ 2N — R
F[Q? h’7C,LL7C,LL] ~ / |:167TGN

N

Se vogliamo che tutto rimanga come e,

bisogna che tutto cambi.

Il Gattopardo

o7 [ VIR + o)A + ol (SR

\

aka
form factors

:| BRST-inv

\

/

Sgh (gauge dependent)

@auge independent)

JMP, Trankle, 2309.17043

" Enforced by IR-UV consistence  }

R fr2(A,R)R = R(A,R) + Rfg2 (AR}

12

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Effective action

Background effective action

From vertex dressings/distribution functions to physics

F[g,h,cu,éu]:/ {QA_R R(fr(A)R + Clfc(A)C

N

Se vogliamo che tutto rimanga come e,

bisogna che tutto cambi.

Il Gattopardo

aka
form factors

:| BRST-inv

167TGN

1
- <
16W[B\/§

\

\

/

Sgh (gauge dependent)

@auge independent)

JMP, Trankle, 2309.17043

" Enforced by IR-UV consistence  }

R fr2(A,R)R = R(A,R) + Rfg2 (AR}

12

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Sneak preview: a lesson from graviton spectral functions in a flat background

Spectral function of the fluctuating graviton Spectral function of the background graviton
101f I I T TTTT] I I T T TTT] I I T T TTT] I I \\\\U: 50 I I I I
E E _pg(waﬁ: O)
. ] 25 | J\ .
= 100 3 E i /
g SN CEEEE | &
I R : t How much do they differ? §
-7 7 Yhh — L/D A NSRS st it
10—110_2 ! L 10_1 L1 100 L 101 L 102 _500 1 5 3 4 5
>‘ [Mpl] W [Mpl]
Fehre, Litim, JMP, Reichert, PRL 130 (2023) 081501 Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001
Se vogliamo che tutto rimanga come e,
bisogna che tutto cambi.
Il Gattopardo
13 JMP, Reichert, Front.in Phys. 8 (2021) 527
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Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001

14 JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

f RG-invariant vertex 3 RG-invariant vertex |

3
) , Fgﬂzh(phpZ)pB)
1 | i e
| L 2y, (1) 2y (p2) 2y (p3)

3
1 F§Lh>h (p17p27p3) \“ ‘I
| i 1 : [\
L 25 (01) 22 (p2) 2 (ps) | "

. A - E o5

~ - BN

aka | - aka

RG-invariant coupling Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 RG-invariant coupling
[form factor [form factor

14 JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

RG-invariant vertex

RG-invariant vertex

| /
/
| (W) |
| \
aka aka
RG-invariant coupling Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 RG-invariant coupling
[form factor [form factor

14 JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

RG-invariant vertex _ - - RG-invariant vertex
(3) / \ 3
Lyin(p1,p2,p3) / \ F%ﬁh (p1,p2,P3)
1 1 1 \ I 1 1 1
Z (p1)Zg (p2) 2§ (p3) \ / Zz2 ;)27 (p2) 2y (p3)
~ -~
aka aka
RG-invariant coupling Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 RG-invariant coupling
[form factor [form factor
Fluctuation approach: 2012 =-- Form factor approach: 2018
Knorr, Reichert, .... Knorr, Ripken, Saueressig, ...
14 JMP, Reichert, Front.in Phys. 8 (2021) 527

2309.10785



Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

RG-invariant vertex _ - - RG-invariant vertex
(3) / \ 3
thh(Pth,pS) / \ F%ﬁh (p1,Dp2,Dp3)
1 1 1 \ I 1 1 1
Z2(p1)Z5 (p2) 2% (p3) \ / Z2(p1)Z7 (p2)Z7 (ps3)
~ -~
aka aka
RG-invariant coupling Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 RG-invariant coupling
[form factor [form factor
 Suggestive educated guess
| 0 (91, .., Pa)
.f Fé?%) (p17 ---apn) G ;h 1 -
. Zi (p1) - Zf; (pn) |
14 JMP, Reichert, Front.in Phys. 8 (2021) 527

2309.10785



Scattering amplitudes and cross sections

Example: graviton-graviton scattering in a flat background

RG-invariant vertex _ - - RG-invariant vertex
(3) / \ 3
thh(l?hpzaps) / \ F%ﬁh (p1,Dp2,Dp3)
1 1 1 \ ] 1 1 1
Z (p1)Zg (p2) 2§ (p3) \ / Zz2 ;)27 (p2) 2y (p3)
~ -~
aka aka
RG-invariant coupling Bonanno, Denz, JMP, Reichert, SciPost Phys. 12 (2022) 1, 001 RG-invariant coupling
[form factor [form factor
(" Suggestive educated guess ‘Bare’ propagator |
' pg(A) € RT
» DY (D1 ooy Pr) | eeeeeeeeneeenn. O
"_ Fé?z) (pl, ,pn) ~ lh T & ' F§2 (p17p2)
{ A R~ ] 1 dA
n (1) i (D) / % Ap(A) =1 |}
w i R &7 ]
14 JMP, Reichert, Front.in Phys. 8 (2021) 527

2309.10785



Unfolding the background independent effective action

( gauge dependent ) RG-invariant

Chh () -

F§3 (p)
T3 (p) -

(4

Y (p)
(4
% (p)

15

JMP, Trankle, 2309.17043



Unfolding the background independent effective action

( gauge dependent ) RG-invariant ( gauge independent )
=~ (2
Ty (p) - R(AR)
F§3 (p)
' (p) - - Rfg:(A)R
(4
Y (p)
T (p) By frz, (B) R
15

JMP, Trankle, 2309.17043



Unfolding the background independent effective action

1 / ) T TR R R TP D ~‘
Rlei. | — = / VIS R(AR)+ Rfr2(A)R + Ry fr2, aiger + - - - 4 i-iv
( gauge dependent ) RG-invariant ( gauge independent )
R(A, R) - :
~(3 foldi 1
Pg(j3) (p) Unfolding ﬁ :
= i RfRQ (A)R
(4
L (p) Maps
R,Lu/leQW (A)RMV
15

JMP, Trankle, 2309.17043



Unfolding the background independent effective action

r

Clgu) = o= [ V&<

\

R(A, R) + Rfga(A)R + Ry fra, (A)R™ + - 3

\

/

RG-invariant ( gauge independent )

R(A, R)
f(_f;) (p) Unfolding
g
= RfRQ (A)R
f;) (p) Maps
Ryw frz, ()R

15

| Revisited }

So far educated guess

JMP, Trankle, 2309.17043
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Apparent convergence in asymptotic safety

a community effort
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Towards apparent convergence in quantum gravity |

expansion in curvature invariants
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Towards apparent convergence in quantum gravity I

vertex expansion
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Towards apparent convergence in quantum gravity I

vertex expansion
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Towards apparent convergence in quantum gravity I

vertex expansion
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Towards apparent convergence in quantum gravity I

vertex expansion

geometrical approach: Donkin, JMP, arXiv:1203.4207
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Towards apparent convergence in quantum gravity I

vertex expansion
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Towards apparent convergence in quantum gravity I

vertex expansion
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Denz, JMP, Reichert, EPJ C78 (2018) 4, 336
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Momentum-dependent vertices

Flow of three-graviton vertex
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Towards apparent convergence in quantum gravity

Why does/could it work?

Typically diagrams with higher order vertices are strongly suppressed
(a) couplings stay finite

(b) combinatorical suppression of diagrams with higher vertices
(c) phase space (angular) suppression of diagrams with higher vertices

turns out to be very efficient!

JMP, Reichert, Front.in Phys. 8 (2021) 527
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Towards apparent convergence in quantum gravity

Why does/could it work?

Typically diagrams with higher order vertices are strongly suppressed
(a) couplings stay finite

(b) combinatorical suppression of diagrams with higher vertices
(c) phase space (angular) suppression of diagrams with higher vertices

turns out to be very efficient!

Why does/could it fail?

Resonant interaction channels and their interactions circumvent (b) and make (a) irrelevant

(a) couplings diverge

(b) hadrons, diquarks, glueballs, ... in QCD —= Emergent composites, BSE
Gies, Wetterich, PRD 65 (2002) 0650016
(c) graviballs in gravity —s— @ JMP, AP 322 (2007) 2831

Florchinger, Wetterich, PLB 680 (2009) 371

QG as perturbative as possible & apparently converging

. . g . ] JMP, Reichert, Front.in Phys. 8 (2021) 527
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The physics of thresholds

Bonanno et al., Critical reflections on asymptotically safe gravity, Front.in Phys. 8 (2020) 269

QCD & SM thresholds in the RG since (many) decades

QCD with the fRG since a decade
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Standard Model masses

The physics of thresholds

Bonanno et al., Critical reflections on asymptotically safe gravity, Front.in Phys. 8 (2020) 269

10005
My, M, Mz, TNW
100;
_ :\ 1.27
10? my, | : L.
RUZERUZ: : O 8_
1§-m87md7mu ‘ ‘; 06_
B '
| | ]
my 0.41
00100? .............................................. l:
| P 0.2
L ' J
0.010¢ i 0
0.001¢ m. | ;
............ “;

108 109 10* 0.01
k |GeV]

1 100

k-mirrors of physical thresholds

QCD & SM thresholds in the RG since (many) decades

Example: asymptotically safe Standard Model

| Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105

QCD with the fRG since a decade

k-mirror of physical threshold

o

—

g1 T 9o 93_

Ye >\<I>,4

e

—t

10 10° 10> 107 10° 10' 10% 10% 10'7 10 10%' 10* 10%
k|GeV]

22

E k-mirrors of physical thresholds

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



Standard Model masses

The physics of thresholds

Bonanno et al., Critical reflections on asymptotically safe gravity, Front.in Phys. 8 (2020) 269

QCD & SM thresholds in the RG since (many) decades

Example: asymptotically safe Standard Model

QCD with the fRG since a decade

g1 T 9o 93_

Ye >\<I>,4

—t

1000
| T T, Tz, Tw | Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105
100§ -5 k-mirror of physical threshold
| :\ 1.2f
10? my : 1.
_mT,mc 1 : 08_
1- Mg, Mg, TNy, N ‘; 06- 1 - —
' | ' ———
|
.m,u . 0.4f
0,100 "+ 5 s rrrr e A s
| ] ] 0.2f
| | I
0.010} K o0
| 10 10 10° 107 107 10'' 10'% 10 10'" 10 10%' 10% 10%
0.001f 4y, : k-mirrors of physical thresholds k [Ge\/]
............................................... Y
1 -

108 109 10* 0.01
k |GeV]

1 100

k-mirrors of physical thresholds

22

k-mirrors of physical thresholds: feature, not bug!

JMP, Reichert, Front.in Phys. 8 (2021) 527
2309.10785



The physics of thresholds
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Scattering amplitudes, spectral properties & unitarity

Donoghue, Knorr, Litim, Platania, JMP, Percacci, Reichert, Saueressig, Wetterich, ...



Spectral properties
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Kallén-Lehmann representation
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‘The wave function Z(p) of physical fields has a trivial UV-limit’
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Properties of the spectral function - 7R
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Unitarity & the graviton spectral function

Reconstruction

Flows for two- and three point functions
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Unitarity & the graviton spectral function

Reconstruction
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Unitarity & the graviton spectral function

Reconstruction

Graviton spectral function Spectral function of the background graviton
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Unitarity & the graviton spectral function

Reconstruction

Graviton spectral function Spectral function of the background graviton
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Spectral flows
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Realtime functional approaches at work in standard QFT
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Real time flows

Spectral representation

G’“(p)_/_oo% A2 + p2
p~i([p(z), d(y)]) F~ ({¢(x),o(y)})
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Real time flows

Spectral representation
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Real time flows

Spectral representation

A\ Ape(\ )
Gilp) = /_oo 2

Symmetry preserving regulators

Lorentz invariance & Causality

Callan-Symanzik regulator
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Renormalised renormalisation group flows

Idea

Composite UV-IR fRG flow

1
(O 5 + Dk Ors) Thon = 5 Tr Gy p (O] \ R + D Oy B )
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Renormalised renormalisation group flows

Idea

k A — o0

Limes A — o

Dy 01\ Trp — 5Tr Gion D Oip Ry, \ —400Sa

Local
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Renormalised renormalisation group flows

Idea

k A — o0

Limes A — o

Dy 01\ Trp — 5Tr Gion D Oip Ry, \ —400Sa

Local

fRG flow with flowing renormalisation

0Lk @] = %Tl” Gyl¢) OLR? — 0;Sct 9]
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Renormalised renormalisation group flows

Spectral CS-fRG flow with flowing renormalisation

0Lk [P] = Tr Gy|p] k% — 0pSet[d) et - [ 2 2o0.7)

o 2 N
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Renormalised renormalisation group flows

Spectral CS-fRG flow with flowing renormalisation
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Renormalised renormalisation group flows

Spectral CS-fRG flow with flowing renormalisation
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Flowing on-shell renormalisation
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Renormalised renormalisation group flows

Spectral CS-fRG flow with flowing renormalisation

0Lk [P] = Tr Gy|p] k% — 0pSet[d) et - [ 2 2o0.7)

o 2 N

Flowing on-shell renormalisation

lim T[4 — _k? lim & {r@) 5 } = 22
A A 4](p) be 2 e S 4] (p) be 2
Controlled UV-limit Controlled UV-limit

Similarly for wave function and coupling renormalisation
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Spectral functional approaches at work
e et Ll B

RG o (p) = @ - @ DS

N e
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Spectral functional approaches at work
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Renormalised renormalisation group flows

Graviton spectral function
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Asymptotically safe couplings
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Renormalised renormalisation group flows

Spectral properties of Lorentzian asymptotically safe gravity

Graviton spectral function Dependence on A Asymptotically safe couplings
N I I T T TTT] I I T T TTT] I I T T TTT] I T T TTT T T T T TTTT] T T T T TTTT] T T T TTTT]
101; T T T TTTT] T T T T TTT] T T T TTTT A: UE 102§ \\ A:O é O
B - R --- A=10"2M3% | | all
: i N pl b -
] . —mA=-1072M2 | i
a2 101 | : =
= E : 107
10° = - —==s |
_______ < s I . i
~Inp? 7T 100 | i F 10-2 |
=== Gnn — 1/p° i | ! 3 2 ‘ ‘ |
1_1 L 1 11111 L 1 11111 Lyl RN EEE 10—1 RN I BN R L1 10_ _2‘ “‘HH—I‘ “‘HHO “‘HHl “““‘2
0 10_2 10_1 100 101 102 10—2 10—1 100 101 102 10 10 10 10 10
A [Mp] A [Mp] k [Mp]
Real part Imaginary part

(AT (P)hrT(—D))

Im G (p) — 1/p* [1/M3)]

Imp [M] 0 \—5 Re p [ My

36 Fehre, Litim, JMP, Reichert, PRL 130 (2023) 081501



7]

M

G (p) [

10—6-

Fully self-consistent graviton spectral function with ‘on-shell’ renormalisation

Space-like fluctuation propagator

Euclidean graviton propagator, Z, =1
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Fully self-consistent graviton spectral function with ‘on-shell’ renormalisation

Space-like fluctuation propagator Spectral function of the fluctuation graviton

Euclidean graviton propagator, Z, =1
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Scattering amplitudes
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Asymptotically safe Standard Model
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Asymptotically safe Standard Model
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