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GR:

@ gw is a field

QM :

@ which must be consistent with QM

|

@ Effective quantum field theory



Wilsonian RG ~ (Irrelevant)

__ Critical Manifold

‘ ,, Fixed Point e o

Actions

Renormalised
Trajectory

\‘.

G is irrelevant about Gaussian FP.

RG step makes i disfarensecompiseate invariant
= massless continuum limit!



Non-perturbative UV FP

@ Higgs? k.c. wilson & J. Kogut, Phys. Rep. 12C (1974) 75

@ Large N Gross-Neveu model (four-fermi) in
<4 dimensions K.G. Wilson, Phys. Rev. D10 (1973) 2911

Gravity: asymptotic Safety

o GI"CIVH'Y D=2+¢ s. Weinberg, in *Hawking, S.W., Israel, W.: General

Relativity* (1979) 790-831; Proc. Int. School of Subnuclear physics, Erice
(1976).

o Large N L. smolin, Nucl. Phys. B208 (1982) 439; R. Percacci, Phys. Rev.
D73 (2006) 041501(R)



Theory space...
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Non-trivial
questions for asymptotic safety

® Does the UV FP exist?

@ Does it have a finite number of (3?) relevant
directions (i.e. couplings)?

@ Is it unitary?

® What are the phenomenological
consequences?



@Is it unitary?
Cy v [dhe VG {ah + B+ R + P RPR )

K. S. Stelle, Phys. Rev. D16 (1977) 953

@ How do we tell?
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Compute <hyy ha>(p)?

. Critical Manifold

T. R. Morris & Z. Slade,
"Solving the
reconstruction n
arc

problem ...” Actions |
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Exact RG...

K.G. Wilson & J. Kogut, Phys. Rep. 12C (1974) 75; F.J.
Wegner & A. Houghton, Phys. Rev. A8 (1973) 401
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C. Wetterich, Phys. Lett. B301 (1993) 90;
T.R. Morris, Int. J. Mod. Phys. A9 (1994) 2411.

Momentum dependent mass term (IR cutoff):
1

SRR
290 2

suppresses momenta p < k

® Kk—O gives full Legendre effective action.
® If k—oo exists then continuum limit constructed
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Einstein-Hilbert truncation
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E.g. using sharp cutoff:

b = ~@=nA -2 {0 - 20)y 2¢8) + 5]
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M. Reuter & F. Saueressig, Phys. Rev. D65 (2002) 065016, New J. Phys. 14 (2012) 055022



Figure 4: RG flow in the g-A—plane. The arrows point in the direction of increasing coarse
graining, i.e., of decreasing k. (From [14].)

M. Reuter & F. Saueressig, Phys. Rev. D65 (2002) 065016, New J. Phys. 14 (2012) 055022




Canvbescaused by poonapproximation...

VOLUME 66, NUMBER 25 PHYSICAL REVIEW LETTERS 24 JUNE 1991

Renormalization Transformations in the Vicinity of First-Order Phase Transitions:
What Can and Cannot Go Wrong

Aernout C. D. van Enter ™

Institute for Theoretical Physics, Rijksuniversiteit Groningen, P.O. Box 800, Groningen, The Netherlands

Roberto Fernandez®’
Theoretische Physik, Eidgenossiche Technische Hochschule=Hdonggerberg, CH-8093 Zirich, Switzerland

Alan D. Sokal**’
Department of Physics, New York University, 4 Washington Place, New York, New York 10003
(Received 7 December 1990)

We reconsider the conceptual foundations of the renormalization-group (RG) formalism. We show
that the RG map, defined on a suitable space of interactions, is always single valued and Lipschitz con-
tinuous on its domain of definition. This rules out a recently proposed scenario for the RG description of
first-order phase transitions. On the other hand, we prove in several cases that near a first-order phase
transition the renormalized measure is not a Gibbs measure for any reasonable interaction. It follows
that the conventional RG description of first-order transitions is not universally valid.

Reparametrise or change cutoff...

Global Flows in QG, M. Christiansen, B. Knorr, J.M. Pawlowski & A. Rodigast, arXiv:1403.1232;
R. Percacci and G. P. Vacca, Eur. Phys. J. C75 (2015) 5, 188




The RG trajectory realized in Nature
M. Reuter, H. Weyer, JCAP 0412 (2004) 001, hep-th/0410119

measurement of G, A in classical regime:

gt

10—70 e

® originates at NGFP (quantum regime: G(k) = k2~ %g., A(k) = k%))
® passing extremely close to the GFP

® Jlong classical GR regime (classical regime: G(k) = const, A(k) = const)



Cosmological consequences...

P. Binétruy

a(t)/k and ¢ g MPlanck ~ 1019 GeV

a(t)/k

Super-Planckian |nitial conditions o !

inflation radiation matter t

Fig. 9: Evolution of a physical comoving fluctuation scale with respect to the Hubble radius during the inflation
phase (Ry(t) = H_..), the radiation dominated phase (R (t) = 2t) and matter dominated phases (Ry(t) =
3t/2).

..quantum gravity fueled inflation
A. Bonnano & M. Reuter, 2003, 2007, 2008; Bonanno, Espisota & Rubano, 2003,

2004, 2005; Bonanno, Contillo, Percacci, 2010; Weinberg, 2010; Tye & Xu, 2010;
A. Bonanno, 2012.




Precision cosmology...

Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP-+BAO
Natural inflation

Hilltop quartic model

(x attractors

Power-law inflation

Low scale SB SUSY

R? inflation
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Black holes in Asymptotically Safe Gravity Seh I STl Al kofer, D'Odorico & Vidotto

1503.06472
Kl
I 14 °
o | K is
P - 10
momentum

“ ol cutoff,
not a scale

Figure 2: The left diagram illustrates the horizon structure for the RG improved Schwarzschild black holes
with m = 1.5 (top curve), m = mg;; =~ 2.25 (middle curve) and m = 4 (bottom curve), while the Kretschmann
scalar curvature K? = RuvpoR"YP? for the case m = 4 > mcg, is shown in the right diagram. All quantities
are measured in Planck units. The classical result is visualized by the dashed curves for comparison.

V.9

Bonanno and Reuter,
"RG improved black hole space-times”

Phys: Rev. D62 (2000) 043008

/M
FIG. 5. The Hawking temperature of the quantum black hole (multiplied by 47GyM,.) as a

function of M/M,,. The maximum temperature is reached for 1\7cr ~~ 1.2TM,,.



Less severe truncations

Einstein-Hilbert truncation
polynomial f(R)-truncation

R? + C?%-truncation

Crpor O

also with matter..

Figure 3: Overview of the various truncations employed in the systematic exploration of the theory
space of QEG. The lines indicate the interaction monomials contained in the various truncation
ansitze for 'y g, eq. (4.4). All truncations have confirmed the existence of a non-trivial UV fixed
point of the gravitational RG flow.
M. Reuter & F. Saueressig, New J. Phys. 14 (2012) 055022; M. Reuter, F. Saueressig, O.
Lauscher, D. Benedetti, P. . Machado, A. Codello, R. Percacci, C. Rahmede, M. Nierdermaier, K.

Groh, S. Rechenberger, O. Zanusso ...
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data sets

non-Gaussian eigenvalues at order N: .8
Figure 1: The complete sets of eigenvalues at the ultraviolet
fixed point for all N, sorted by magnitude. The results at ’; ,
the highest order (N = 35) are linked by a line to guide the | | A3 /
eye. The long dashed line indicates Gaussian scaling. The 7977,( N ) - /3 /
inset (upper panel) relates the data sets at approximation -(:--@20"
order N with the symbols used in the lower panel. T W

. i;
ii

K. Falls, D.F. Litim, K. Nikolakopoulos &
C. Rahmede, arXiv:1301.4191

/ +— Gaussian line

Go beyond polynomial 1
truncations to explore !iil

R~ O(1) '";

0O irrelevant
OF = = ==
“. relevant
/
ol e s a a1 1 1 a Az 1 L 1
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Split into background + fluctuation:

Juv — g,ul/ 5 h,ul/

Zw/Dh frolog

Intuitively results should be background independent



Split into background + fluctuation:

Juv = Guv + Iy
IR cutoff: R ~ R(=V?/k?)
Impose Landau gauge: . Litim &1:r. Pawlowski, Phys. Lett. B435 (1998) 181
Vi = 7 Vuh

Ghosts get IR cutoff oo, so BRS invariance recovered only in
the limit k—0 (if were careful).

TT decomposition (ghosts similarly):

i g e 1 T
h,uy = th T v,ugu o Vufu T VMVVO' g Zguyh

Jacobian = auxiliary fields & they get IR cutoff too.

M. Reuter, Phys. Rev. D57 (1998) 971



Conformal factor problem?

huw =h,, + V6, + V. € + V, Voo

G. W. Gibbons, S. W. Hawking and M. J. Perry,
“Path Integrals and the Indefiniteness of the Gravitational Action,"

Nucl. Phys. B 138 (1978) 141

G, L il 52J2f‘15]'5*
arl el = o5t R s B -

M. Reuter, Phys. Rev. D57 (1998) 971



IR cutoffs (basic idea):

%, g W N i s
v :
R W= S WHIR SR e G

R ~R; = kQT(—vQ/kQ) = (k‘2 == 62)9(162 2% 62)

D.F. Litim, Phys. Rev. D64 (2001) 105007

Effectively in inverse 2-pt:  —V? + R, = k?



Adaptive IR cutoffs:

On constant scalar curvature R background..




Performing the space-time trace

TG ik Tl .
gt S kg

® heat kernel expansion
® short distance (small R) expansion
C background indepearsddiise

»

® But asymptotic so terms are neglected

® E.g. on 4-sphere really “staircase”

—V= i) = A7 [4)

(/



D. Benedetti and F. Caravelli, JTHEP 1206 (2012) O17.
J. A. Dietz & TRM, JHEP 1301 (2013) 108.

|

02

n?) n* (black line). The

Figure 2. Smooth approximations of the staircase function ) 9(1 —
curves obtained from the replacement (5.11), truncating the sum at N, and N, — 1 are given by
the blue (top) and magenta (bottom) curve, respectively. The average of the two approximations
resulting from eq. (5.12) gives rise to the red (middle) line.

r
6

M. Demmel, F. Saueressig & O. Zanusso, arXiv:1401.5459




Other typical approximations:

@ Kk dependence of ghosts & auxiliaries
neglected

@ Mixed hag and Juv terms
neglected (single field approximation)

Exceptions:

A. Eichhorn, H. Gies & M.M. Schere, Phys. Rev. D80 (2009) 104003; K. Groh & F. Saueressig,

J. Phys. A43 (2010) 365403; A. Eichhorn & H. Gies, Phys. Rev. D81 (2010) 104010;
E. Manrique, M. Reuter, Ann. Phys. 325 (2010) 785;
E. Manrique, M. Reuter & F. Saueressig, Ann. Phys. 326 (2011) 440 & 463;

A. Codello, G. D'Odorico & C. Pagani, Phys. Rev. D89 (2014) 8, 081701
P. Dona, A. Eichhorn & R. Percacci, Phys. Rev. D89 (2014) 8, 084035 arXiv:1410.4411

D. Becker & M. Reuter, Ann. Phys. 350 (2014) 225
J.A. Dietz & TRM, JHEP 1504 (2015) 118



Beyond polynomial fruncations
E.g.

® Project on four-sphere background (R > 0)
@ Effective action: T' = /d4:z: V9 f(R,1)

@ Get non-linear PDE flow equation for f(R,t)



Fixed points: [f(R,t)— f(R)

T68mUZE = Rf') —

SR (1- B) - (12+4R- S B?) {1—%]_1+2

+[10R20(1 - &) - R20(1+ B) - (36+6R—6—7R2)} =

+|(2f - 2Rf") (10-5R - ZLR? + BYUR®) + f/ (60— 20R — ZLR?) | [f + f(1- &)
I [(Qf — 2R {r(=%)+2r(-E)} + 2f'0(1 + ) + 4f'0(1 + ) P 0 )
+|@f = 2Rf")f (6+ 3R+ BR? + {3 RY)

—2Rf" (27— LR — 2 R° — 18 R

+f"(216 — L R? ~2R%) 1 f' (36 + 128+ 29}22)} {2f L3 0 (11— ) } :

r(z2) = (I —2)0(l — 2 =R 1 R 3

P. F. Machado & F. Saueressig, Phys. Rev. D 77 (2008) 124045
A. Codello, R. Percacci & C. Rahmede, Annals Phys. 324 (2009) 414
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K. Falls, D.F. Litim, K. Nikolakopoulos &
C. Rahmede, arXiv:1301.4191
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Fixed singularities and parameter space

/ /]
Suppose we have normal form: f"(R) = F(f, f}%f 1)
with fixed singularity at R=0.
1
Substitute:  f(R) =ag + a1 R+ 5 ar R

U(Cboa ai, Cbz)

R

=> regular in R = - regular in R

u(ag, a1, az) is non-trivial constraint on parameters ag, a1, a2



Fixed points: [f(R,t) — f(R)

1632 Rf) =

[5R29(1—§)—(12+4R—%R2)H1—§]_1+2

+{1OR29(1—§)—R20(1+§)— (36+6R—6—732)} {1_%

[(zf’ = 2Rf") (O —bRs = Rl | (60 - 20 S
).

+ [(Qf’ —2Rf")f' (64 3R+ 2R* + 2L R%)
=2y (27 2 2_0R2 & % o 3138610 R4)

+f" (216 - FR® — 5 R°) + f' (36 + 12R + 29R2)} {Qf +3f(1 - §R$\9f/,(1 2 3)2} £

n [(2]" — 2R {r(=&)+2r(-5)} + 2/ 01+ &)+ 45'0(1 + ¢ )_ e

R =0, 2.0065

r(z2) = (I —2)0(l — 2 =R 1 R 3

Parameter counting => no global solutions
J. A. Dietz & TRM, JHEP 1301 (2013) 108.



D. Benedetti and F. Caravelli, JHEP 1206 (2012) 017; D.
Benedetti, New J. Phys. 14 (2012) 015005

10 (Rf" — 4f")
(R—2)f - 2f

R (R'—54R? —54) f" — (R® 4 18R? + 12) (Rf" — f') + 18 (R +2) (' + 6"
\ 9f" — (R —3 i f
it = (0, i)
fUR) — AN {SA + Besln R+ Csimin & ¥ + O(1)

/

L AS s D2

768m f2fi= R fiE

_I_

121
eSS G
ST s

Parameter counting => lines of fixed points

J. A. Dietz & TRM, JHEP 1301 (2013) 108.
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f(R):ao+a1R+-2—a2(a0,a1)R2_|_...




J. A. Dietz & TRM, JHEP 1301 (2013) 108.

20 40 60 8 100 120 140 160 180 200
R

Continuous eigenspectrum!



J. A. Dietz & T.R. Morris, JHEP 1301 (2013) 108.
M. Demmel, F. Saueressig & O. Zanusso, arXiv:1401.5459

Extend to -co<R<oo
D. Benedetti, Europhys. Lett. 102 (2013) 20007;

T.R. Morris, B495 (1997) 477.

. AR 159
768w {2 fi= R fiEs (R 2] _of

R(R' — S4R? — 54) f — (RS + 18R 1 12) (Rf" — ') + 18 (B2 + 2) (' + 6f")

L AS s D2

_I_

O — (R — 3} 12f

R =0, £7.4150

3 )
§A+BCOSh’lR2 1 Csinin B ¥+ 0O(1)

/

fER) =VARR
121

No global solutions! <

Parameter counting => discrete set of fixed points
Quantised Eigenoperator spectrum

L SSR  a



Break-down of f(R) approximation
FP action T — / d*z /g f(R)

J.A. Dietz & T.R. Morris, JHEP 07 (2013) 064

Eigenoperator /d4ﬂ7 gv(R)

Wegner, J. Phys. C7 (1974) 2098.

G () = Guw () + €F [g)(7)

Eigenoperator redundant if of the form:

il ;- s
/dd:v V9 B ) 59" PR+ NN DJ’} -

F,uu Y C(R) Juv = U(R) e C(R) {Qf(R) oy Rf/(R)} :

Does not vanish for any R20 = entire space is redundant!



Split into background + fluctuation:

Juv — g,ul/ 5 h,ul/

Zw/Dh frolog

Intuitively results should be background independent



Scalar field theory @ LPA

I.H. Bridle, J. Dietz & TRM, JHEP 03 (2014) 093

0 = [da {5 @u0F + V(6|

P=0+
R(=0%,@(x)) = (k* +0° — h(p)) 0(k* + 0° — h(p))

Single field approximation:

(1 — Ry
1= po

8,V = %(d 4V f b= (1 £l %&gh . i(d i 2)¢h’> 0(1— h)

= pathologies



h=0 (d=3):

020 025 030 035 040 045

V.(0)

1 1

Fixed points: TV LY 0T



Fixed points:  {V.(0), £V,(0)}



Keep both fields & impose Ward Identity:
p=¢+¢ @—=pte(r) and 9 @ — ()

; e g
5_P 5F:1Tr RI(SP 512.
0D+ w2 00 0Paq

Reuter, We’r’reric@Li’rim, Pawlowskil. E. Manrique, I\52F1‘eu}n:lr5. Phys. 325 (2010) 785; E.

Manrigue] M Replee. Sappreqsf, Han—Lhyc 3p6 (20UJRA0 & 463;
6II€ D\{/EDR%@jeckerz& M. Reuter, aé@d@ .43597]{7

D.

I.H. Bridle, J. Dietz & TRM, JHEP 03 (2014) 093

V=(1-Rr¥V,  p=(1-h)"7 ¢—p,° t=t—-InvVi-h

A A 1 > 1
8,V +dV — =(d — @8V = ;

—implements background independence!




What does scale 1/k mean?

L] -

onformal .field. theory? Haw. to separate scales?
?
What doet Saiginsashun Tass it S ToHabaketent soale




Use background field method:
g,uu B g,uu 3% h,uu
cutoff:

?2
Rk ol ( ]CQ )

@ Now the scale k is defined through @,,,, so the notion
depends on the choice of background

@ The RG itself depends on both g,,,, and g, so also is
inherently background dependent, and necessarily bi-
metric

@ Is there a background independent notion of scale k?



Confirretitiy tedancetogsavity

g,ug5 = Puv X h,ul/
Y= f(¢) 5,uu and g,ul/ i f(X) 5,uu

¢ Remnant diffeomorphism invariance ...

Rl F(x) = A f(x)
Fk[@? X] s /ddx\/§ (_%K(Spa X) g“yﬁugpaygp 5 V(QO, X))

J.A. Dietz & TRM, JHEP 1504 (2015) 118



msWIs, flow equations
L. R(p*/f)
d d—1
/0 PY 82V —Kp?/f + R(p*/T)
D. R+ 20, Inf R

il R i .
0,V — 0,V %E__axkﬁfthfiaf@é) kzljodfdpép]é(XéQ”‘;’:WJKpQ/f TRGETT

N|Q.

OV (e, x) = f(x)~

O

2 Kiw v = 2f_% dpp®~! PR
0

25

1 {ogr i (0 T 2R (D) | BB o= Ko s

10°K 0 2d+1(‘9K
P_—§9} o+ =2 (28§V— )
i 4+d6@K2_ 3 s g 2 9.9 asoKQ_ 31/ 3 aKQ 4
H : 7 D QOV} (8 > R f>+dp(9 o f D Qp 0 7 Qo

4 e 5, :
=34 gpz (@T)QR 5 7) (62‘/ L p2) Q8 QO T :

02V — Kp?/f + R




Background Independent flow equations

8£V+df/—gg§f/’:—(d—77+2n)/ 5 541 Qor ()
0

A\ A A

o Nokin. W=V (0], = . (b)!

0

0K + (de2 - ngff’ = —2(d—77+2n)/ dp p* Pir(p°)
0)

o No f.48 t =In(k/p)

A I A X A
JD2K%x+57GW“

e, At
d

Kp)@8
+H4;%m¥VG(MﬁHzQ+2pT()Q%¥V)Ny —prﬁ

4 59 ) N\ 2 [ /11 AR LA o 2 1
——p(rp +K)(v —Kp)cg L
d < ) O QO /AL KﬁQ i T(ﬁz)




Bimetric truncations:

U — f];w o h,ul/
Matter matters: keeping separately the wavefn

renormalisation of h,, and all other fields in an EH truncation
P. Dona, A. Eichhorn & R. Percacci, Phys. Rev. D89 (2014) 8, 084035 arXiv:1410.4411

TABLE IV: Fixed-point values, critical exponents and anoma-
lous graviton dimension for specific matter content.

model Ns Np Nv G. A. 6 6 Tih

no matter 0 0 0 0.77 0.01 3.30 1.95
SM 4 45/2 12 1.76 -2.40 3.96 1.64
SM +dm scalar 5 45/2 12 1.87 -2.50 3.96 1.63
SM+ 3 v’s 4 24 2.15 -3.20 3.97 1.65
SM+3v’s
+ axion+dm 6 24 2.50 -3.62 3.96
MSSM 49 61/2
SU(5) GUT 124 24
SO(10) GUT 97 24




Conclusions ,'.-:'

@ Significant Fo’r black holes, cosmology 81 BSM |

his regime:
Issues with approximations.
., |

@ New eFFec’rz\;become V|S|ble in
sensitive to

\ 5
o Huge\body of supporhng evudence for asymptotic safet
various frunca’rlons/apprommatlohs but there are still

~many dangers...! )
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