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© ensures the absence of UV-divergences

b) NGFP has finite-dimensional UV-critical surface Syv

© ensures predictive power
© fixing the position of a RG-trajectory in Syv

< experimental determination of relevant parameters

Cc) connection to observable low-energy physics

© tests of general relativity (cosmological signatures, .. .)

© compatibility with standard model of particle physics at 1 TeV

d) structural demands

© resolution of singularities: (black holes, Landau poles, .. .)
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® scale-dependence governed by functional renormalization group equation
_ 11 (2) !
k@kl‘k[hw; gwj] = §STI‘ (sz =F Rk) kO Ry

© uses background field formalism

o effective vertices capture quantum-corrections with p? > k2



Constructing non-perturbative approximate solutions of t he FRGE

ansatz for I';, restricting to a subset of all monomials

N
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— projection of flow onto ansatz gives g-functions for u; (k)
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Constructing non-perturbative approximate solutions of t he FRGE

ansatz for I';, restricting to a subset of all monomials

N
I'e uva gul/ Z ﬂz(k) O; [h,uV; g,uy]

— substitute ansatz into FRGE

— projection of flow onto ansatz gives g-functions for u; (k)
kOpui(k) = Bi(ui; k)
classes of approximations:

® “single-metric” trunctions (level 0):

Ot L'k [huv; Guvlly,

'LLV:O:...

® *“bi-metric” truncations (level n) retain information about fluctuation fields

O O huigml| =

hl’LV:



selected asymptotic safety highlights
pure gravity:

® non-Gaussian fixed point established in a wide range of approximations

© also including the Goroff-Sagnotti counterterm
[ H. Gies, B. Knorr, S. Lippoldt and F. Saueressig, arXiv:1601.01800]

® |ow number of relevant parameters (~ 3):

[ R. Percacci and A. Codello, arXiv:0705.1769]

[ P.F. Machado and F. Saueressig, arXiv:0712.0445]

[ T. Denz, J. Pawlowski, M. Reichert, arXiv:1612.07315]

[ K. Falls, C. S. King, D. F. Litim, K. Nikolakopoulos and C. Rahmede, arXiv:1801.00162]

® non-Gaussian fixed point is connected to a classical regime by crossover
[ M. Reuter and F. Saueressig, hep-th/0110054]
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f(R)-gravity coupled to matter



Exploring the single-metric theory space spanned by 29l

Einstein-Hilbert truncation

polynomial f(R)-truncation

R3 CluP% Cpo"A O\ MY ROR + 5 more




finite-dimensional truncations
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Polynomial expansion of  f(R)-gravity

[A. Codello, R. Percacci, C. Rahmede, '07]
[P. Machado, F. Saueressig, '07]

flow equation for f(R)-gravity:

Il y= /d4a: V9 fr(R)

® supplemented by geometric gauge

FRGE = partial differential equation governing k-dependence of fi(R)

UV properties of RG flow:

polynomial expansion: fx(R) = ij:o Ty S

boundary conditions: ax+1 = 42 =0
expand flow equation = B-functions for g,, = @, k>4

kOxgn = Bg, (90,91,...), m=0,...,N

reduces search for NGFP to algebraic problem



Renormalization group flow of

f(R)-gravity

kOkgi = Bg; (90, 91, - - -

i=0,...

® Polynomial expansion: fx(R) = S"_ gn (R/E*)™ k* + ...

, N

® NGFP can be traced through extensions of truncation subspace

N 90 91 95 93 9; 9gs 96
1 | 0.00523 | -0.0202

2 | 0.00333 | -0.0125 | 0.00149

3 | 0.00518 | -0.0196 | 0.00070 | -0.0104

4 | 0.00505 | -0.0206 | 0.00026 | -0.0120 | -0.0101

5 | 0.00506 | -0.0206 | 0.00023 | -0.0105 | -0.0096 | -0.00455

6 | 0.00504 | -0.0208 | 0.00012 | -0.0110 | -0.0109 | -0.004/3 | 0.00238
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Renormalization group flow of

f(R)-gravity

® Polynomial expansion: fx(R) = S"_ gn (R/E*)™ k* + ...

kakg’b — Bgi (907 gi, . -

),

i=0,...,N

linearized RG flow at NGFP — three UV relevant directions
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® |inearized RG flow at NGFP — three UV relevant directions

N | Refp1 | Imboy1 | 6o 03 04 05 06
1| 238 2.17

2 | 1.26 2.44 | 27.0

3 | 267 2.26 | 2.07 | -4.42

4 | 283 2.42 | 154 | -4.28 | -5.09

5 | 257 2.67 | 1.73 | -4.40 | -3.97 + 4.57i | -3.97 - 4.57

6 | 2.39 2.38 | 1.51 | -4.16 | -4.67 + 6.08; | -4.67 - 6.08; | -8.67

NGFP is stable under extension of truncation subspace

good evidence: fundamental theory has finite number of relevant parameters




f(R)-gravity

minimally coupled to matter



ansatz: gravity supplemented by minimally coupled matter fi elds

f(R)-ansatz in gravitational sector

matter sector:
Ng scalar fields: Sg = 58 [ d*z/g 9" (9u¢)(Dv )
Np Dirac spinors: Sp =iNp [d*z\/gVy

Ny gauge fields: Sy = YV g4z /g gt gVBF,, F.,g + S8 + S8h
4 H B



ansatz: gravity supplemented by minimally coupled matter fi elds

f(R)-ansatz in gravitational sector

1
eravg] ~ d* R
matter sector:

Ng scalar fields: Sg = 58 [ d*z/g 9" (9u¢)(Dv )

Np Dirac spinors: Sp =iNp [d*z\/gV

Ny gauge fields: Sy = 8 [d*z\/gg"*g"P Fuy Fop + S8t + Seb
® gauge-fixing: physical gauge
® parameterization of metric fluctuations: v = Gup [e?flh} -

® background geometry: maximally symmetric d-sphere



technicalities |

coarse graining operators



construction of flow equation
uses transverse-traceless decomposition:

® metric fluctuations:
TT , A ¢T | 7 ¢T = = 1 -5 1_
huv = hyy + D&y + Dug) + (DuDy — EQMVD )o + Zg;wh,
® vector fluctuations:

Ay=Al+Dya, DHFA]=0.



construction of flow equation
uses transverse-traceless decomposition:

® metric fluctuations:
TT , A ¢T | 7 ¢T = = 1 -5 1_
huv = hyy + D&y + Dug) + (DuDy — QQMVD )o + Zguvf%

® vector fluctuations:

for physical gauge:

® 3 traces in gravitational sector

® 4 traces in matter sector

¢ P : AL, a
N~~~ ~—~ ——

scalars Dirac fermions vector fields



coarse graining operator

mass-type regulator R, (L):

® suppresses fluctuations with eigenvalue A\ < k? by mass-term

structure of the coarse graining operator:
O=A—aR

® A=_D? Laplacian on d-sphere

® endomorphism parameter
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coarse graining operator

mass-type regulator R, (L):

® suppresses fluctuations with eigenvalue A\ < k? by mass-term

structure of the coarse graining operator:

O=A—aR
® A=_D? Laplacian on d-sphere
® endomorphism parameter

setup contains 7 endomorphism parameters

® gravity: a%, ozg, ozg

® matter: o, o, a{‘fl, a{‘g

allow relative shifts among modes being integrated out at scale &
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relevant coarse graining operators

® Type I: no shifts in the spectra

a=0
® Type ID: uses [ = —D? in the fermionic sector
ap =—%, a=0  allotherfields

® Type Il: removes curvature terms from propagators

M _
» XD T T4 v T T M, T %5 T

N

G _ _ 1 G __
O = —§g1» &g = 3, Oy =

® Type i: interpolates smoothly between Type | (¢ = 0) and Type Il (c = 1)

M M M M
» XD T T4 v T T Y, T %5 T

N o

G G
af = —¢, ag = 5, ay =



technicalities I

evaluating traces through spectral sums



spectrum of Laplacian on

d-sphere

Laplacian A on d-sphere with radius a:

® eigenvalues: Aés)

® degeneracies: Me(s)

spin s Aés) ME(S)
0 Lo +d-1) (20 +d—1) =0,1,...
J4 —1)!
. L (2 +de+ 9) pld/2+1) SRy I= 0l
1 L +d-1)-1) E+d=3) 9+ d—1)¢+d—1)¢ | £=1,2
a? (d—2)1(¢+1)! =1,2,...
d d— l+d)(l— l+d— l+d—3)!
2 | Het+d-—1-2 | GRLEDERDERI DG | =23,




spectrum of Laplacian on d-sphere

Laplacian A on d-sphere with radius a:
® eigenvalues: Aés)

® degeneracies: Me(s)

spin s Aés) ME(S)
(+d—2)!
0 Lee+d-1) (20 +d—1) =0,1,...
0+d—1)!
y L2 +de+ %) gld/2+1] —((dtdl)!lg! (=0,1,...
(+d—3)!
1 L (0 +d-1)—1) (d<_;)!(£i>l)!(2e+d—1)(e+d—1)e £=1,2,...
1 (d+1)(d—2)(I+d)(1—-1)(2l+d—1)(l+d—3)! _
2 = ((l+d—1)—2) D nER =2,3,...
fermions obey Lichnerowicz formula:
Vi=A+1R
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spectral sums

Litim regulator
Ri(z) = (k% — 2)0(k? — 2)

traces become (finite) sums over degeneracies

® N: integer labeling the largest eigenvalue contributing to the sum
® sums can be done analytically

® convergence guaranteed

® discrete eigenvalue spectrum =- discontinuities in traces



spectral sums: discontinuities in scalar trace

24
—Tr

10° |
104 |

1000 |

100}

10}

F 0.01 0.10 1

® dimensionless curvature »r = Rk~ 2

10



spectral sums: interpolation schemes

continuous flow equation = treat NV as continuous in k

interpolation schemes

® upper staircase

© connects upper points of staircase

® |ower staircase

© connects lower points of staircase

® averaged interpolation

© averages the upper and lower staircase

® optimized averaged interpolation

© tailored to reproduce the early-time expansion (heat-kernel)



spectral sums: interpolation schemes

1000

10

0.1

L | L | L L L L
. 0.01 0.10 1 10

® upper staircase
® averaged interpolation
® optimized averaged interpolation

® |ower staircase



spectral sums: interpolation schemes comparison

deviation from the heat-kernel (Euler-MacLaurin summation):

ATr




spectral sums: interpolation schemes comparison

deviation from the heat-kernel (Euler-MacLaurin summation):

ATr

I averaged interpolation # early-time expansion heat-kernel !




f(R)-gravity matter: partial differential equation
Sb + 4@ o 27“90/ _ TTT + Tghost + Tsinv + Tscalar + TDirac i Tvector

gravitational sector: [N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1507.00968]
[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1511.09393]
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f(R)-gravity matter: partial differential equation
Sb + 4@ o 27“90/ _ TTT + Tghost + Tsinv + Tscalar + TDirac i Tvector

[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1507.00968]

gravitational sector:
[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1511.09393]

T = 5 1+(a§+%)r (14 (a7 = 3)r) (1+ (o7 — 13) 7)
iy 2262 (14 (o — 2)7) (14 (0 — 1) 7)
T = same (H(a?—%o;r)cp’%%cp’ (14 (a§=3)r) (14 (o5 +13)7)
+ ot (e T Ty 0 5+ 8)7) 1+ (o - §)7) 1+ (a
Tehost _ _ 48(417r)2 1+<aé—i)r (72 + 187(1 + 8af) — r?(19 — 18§ — 72(af)?))

® partial differential equation of third order in »

® only derivatives of p(r) = rhs independent of cosmological constant



f(R)-gravity matter: partial differential equation
Sb + 4@ o 27“90/ _ TTT + Tghost + Tsinv + Tscalar + TDirac i Tvector

[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1507.00968]

gravitational sector:
[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1511.09393]

7T g (L4 (0§ — 1)) (14 (o — )7

* Ta(am)? 7
T = s (g ety (U (08 = 2)7) (L4 (o8 + ) 1)

+ Torany2 (1+(a§’i—%2r:3’;”+%w (1+ (s +3)r) (14 (a5 —3)r) 1+ (a
gehost — B? 1—|—(aé—i)r (72 + 18r(1 + 8a$) — r?(19 — 18a{ — 72(a$)?))

® partial differential equation of third order in »

® only derivatives of p(r) = rhs independent of cosmological constant

® moving singularity at ¢’(r) =0



f(R)-gravity matter: partial differential equation

Sb € 480 o 27"90/ _ TTT + Tghost + Tsinv + Tscalar + TDirac + Tvector

gravitational sector: [N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1507.00968]
[N. Ohta, R. Percacci, G.-P. Vacca, arXiv:1511.09393]

T =5 Ty, A+ (@7 —5)r) L+ (ef — 53) 7)

sinv __ 1
Jsinv _

hos G G G
TEN = — 48(i7r)2 1—|—(Oé\é_i)r (72 + 18r(1 + 8ay;) — r?(19 — 18ay; — 72(ay})?))

® partial differential equation of third order in »
® only derivatives of p(r) = rhs independent of cosmological constant
® moving singularity at ¢’(r) =0

® 3 endomorphism parameters



f(R)-gravity matter: partial differential equation

Sb € 480 o 27,90/ _ TTT + Tghost + Tsinv + Tscalar i 7—Dirac + Tvector

matter sector

. N 1
scala 2(47‘_‘5_1)2 1 aSZ\d,r, (1 (Oéjsw i) T) (1 (O/Sw %) T) )
: 2N
TDlraC (47T)D2 (1 (aM %) 7“) :

ector NV
T = st (g (@ DD (el )
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f(R)-gravity matter: partial differential equation

Sb € 480 o 27"90/ _ TTT + Tghost + Tsinv + Tscalar i 7—Dirac + TveCtor

matter sector

N 1
scalax 2(4:)2 1 aSZ\/],r, (1 (05]5\4 i) ’r) (1 ‘|‘ (06]5\44 —|— %) ’r) 3
: 2N
TDlraC (47T)D2 (1 (aM %) 7“) :

ector NV
T = g (e O @8 T D) 0 @l )

Ty (L+ (o3 + 2)r) (14 (o, - %y))

® independent of p(r)



f(R)-gravity matter: partial differential equation

Sb € 480 o 27"90/ _ TTT + Tghost + Tsinv + Tscalar i 7—Dirac + TveCtor

matter sector:

r Ng 1
Tre = 2(47)2 1+ oMy (14 (a5’ +3)7) (1+ (a5 +5)7)
ir 2N
I = (47;2 1+ (¥ +1Hr),
ector __ NV ) M 1 M 1
TV - 2(4m)? <1+(a1\v41+i)7“ (L+(av; +5)r) L+ (avy +13)7)

Ty (L (od] + 2)r) (14 (o, - %y))

® independent of p(r)

® 4 endomorphism parameters



f(R)-gravity matter: partial differential equation

Sb € 480 o 27"90/ _ TTT + Tghost + Tsinv + Tscalar i 7—Dirac + TveCtor

matter sector

N
scalax 2(4:)2 1 aSZ\/],r, (1 (05]5\4 i) ’r) (1 ‘|‘ (06]5\44 —|— %) ’r) 3
: 2N
TDlraC (47T)D2 (1 (aM %) 7“) :

ector NV
T s (s (0 O+ ) 0 ol + )7

_ 1+;1‘\/47~ (1 + (a% + %)7") (1 + (al‘\//—; _ %)ﬂ)
2

® independent of p(r)

® 4 endomorphism parameters

® fermions contribute with a first order polynomial in r



f(R)-gravity matter: partial differential equation

Sb € 480 o 27"90/ _ TTT + Tghost + Tsinv + Tscalar i 7—Dirac + TveCtor

matter sector

. N
scala 2(4:)2 1 aSZ\d,r, (1 (Oéjsw i) T) (1 (O/Sw %) T) )
: 2N
TDlraC (47T)D2 (1 (aM %) 7“) :

ector NV
T s (s (0 O+ ) 0 ol + )7

— —L— (14 (o3 + 3)7) (1 + (o, — 1—12)r)>

M
1—|—04V27°

® independent of p(r)
® 4 endomorphism parameters

® fermions contribute with a first order polynomial in r

fixed functions: stationary (r-independent) solutions of partial differential equation



solutions |

polynomial expansion



scanning for NGFPs: N =1

dy = Ng + 2Ny —4Np

100 100

50 — 50 —

di
o

_1 OO 1 1 1 L 1 1
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