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Outline

1) Functional RG: Probing the scale dependence of QFTs

2) RG for spacetime in the continuum:
Setting a scale in Quantum Gravity

3) RG for discrete spacetimes:
Scales in a pre-geometric setting?

Renormalization Group
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Functional Renormalization Group
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Functional Renormalization Group
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Functional Renormalization Group
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Functional Renormalization Group
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Functional Renormalization Group
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Functional Renormalization Group
o~ T8l — / Dy (_}_—S[@]—% J e(=p)Ri(P)p(p)
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Functional Renormalization Group
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Functional Renormalization Group
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Renormalization Group: uses in Quantum Gravity
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Search for UV completion in quantum gravity
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Search for UV completion in quantum gravity

given a set of fields and symmetries
can explore whether model is
fundamental (RG fixed point)
or effective (Landau pole/triviality)

N

Fk contains effect of quantum
fluctuations above k

k-0
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Search for UV completion in quantum gravity

given a set of fields and symmetries
can explore whether model is
fundamental (RG fixed point)
or effective (Landau pole/triviality)

effective theory:
new physics must
exist beyond A *

F _contains effect of quantum
fluctuations above k

k—>0
* note: perturbative renormalizability not sufficient for fundamental theory
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Search for UV completion in quantum gravity

given a set of fields and symmetries
can explore whether model is
fundamental (RG fixed point)
or effective (Landau pole/triviality)
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RG fixed point:
scale-invariance
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to arbitrarily small
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=>no need for
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Asymptotic safety

Asymptotic freedom

k—>0
* note: perturbative renormalizability not sufficient for fundamental theory
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Search for UV completion in quantum gravity

predictivity given a set of fields and symmetries
UV-repulsive couplings can explore whether model is

= predictions fundamental (RG fixed point)
p(~ Nigher-order interactions | o effective (Landau poleftriviality)
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* note: perturbative renormalizability not sufficient for fundamental theory
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Search for UV completion in quantum gravity

predictivity given a set of fields and symmetries
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* note: perturbative renormalizability not sufficient for fundamental theory
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Setting a scale in a geometric setting /Dgw
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Setting a scale in a geometric setting /Dgw

covariant generalization of momentum: (eigenvalues of) Laplacian

LVKA 2 :
.(],;,uRi, (—D )g,;,)\ — one- loop structure of flow equation
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Setting a scale in a geometric setting /Dgw

covariant generalization of momentum: (eigenvalues of) Laplacian

LVKA 2 :
.(],;,uRi, (—D )g,;,)\ — one- loop structure of flow equation

— background field method

linear split: Guv = Guv + h;w

exponential split: Gy = Gux ((\p(h)):,
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Setting a scale in a geometric setting /Dgw

covariant generalization of momentum: (eigenvalues of) Laplacian

VKA 2 ,
.(],;,uRi, (—D )g,;,)\ — one- loop structure of flow equation
— background field method

linear split: Guv = Guv + h;w

exponential split: Gy = Gux ((\p(h)):,

}L“yRﬁyﬁ’)\(_Dz)}Lﬁ)\ — one- loop structure of flow equation intact
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No free lunch

h;_szM)\(—Dr‘z)h,{,)\ — one- loop structure of flow equation intact

shift symmetry: (" there is only one metric”)
h‘;uf = h‘;uf Ea '7;;.11 .(},r.'.-u — g;u/ + Vv
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No free lunch

h;_szM)\(—Dr‘z)h,{,)\ — one- loop structure of flow equation intact

shift symmetry: (" there is only one metric”)
broken by regulator

—

}L“,I,l _;’ ]LILIV} o f}.“,y l(‘_]“_.l,/ ‘7} gﬂ.l./ + ’}.p_.[,/

— if the regulator breaks a symmetry, the flow no longer preserves
the symmetry, even if the initial condition does

— enlarged theory space
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No free lunch
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How expensive is it?

“Newton couplings” in gravity-matter systems

M XY X
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How expensive is it?

“Newton couplings” in gravity-matter systems

backaround Newton coupling:
JJ<'\,.\\_»|EUU.!\ Newlion \/(/l4fl.\ﬁ|\__j,

; Gt
Ba =2G+ — (=46 + Ng) + ... 0
()Tr - e _of
2
o : : 3 -6
graviton”-scalar coupling: 2 gt
~2 ’
: Te ~ 7 j\f, -10L, \ : . \ \
BGia = 2Ga) + .“'2) ~10+ —2 ) + ... 00 05 10 15 20 25
2) - 3T ol Newton coupling
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How expensive is it?

“Newton couplings” in gravity-matter systems
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— effective universality
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How expensive is it?

“Newton couplings” in gravity-matter systems

packground Newton coupling:

~2

; e G~ | . uantitative difference but qualitative agreemen
Bo =26+ o (=46 + Ns) + 3 . .
)

scalars drive gravity into
the "“strong-gravity” regime

“graviton"-scalar coupling: => violation of weak-gravity bound

G?

(1,2) (10 + N") + ...~ =>asymptotic safety only for Ns < Nsexit
3 8
% — contact of QG to BSM pheno.
— what about gm shape dynamics?

"[j)(;('l.k?) -— 2(;(13) +
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Renormalization Group: uses in Quantum Grawty

F . contains effect of quantum
fluctuations above k

search for UV completion
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Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

Pirsa: 17110118 Page 38/55



Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

example: N x ... x N matrix/tensor models

(3]

/ ATy, 4485, 1,6 FT

/

trace invariants: Ti, ,,,,,{r'.'j:-ij v Al _,_-,',"T-,'JI,z_,_‘,‘r,'ffj“ g uba i s
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Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

example: N x ... x N matrix/tensor models

-S|T,T
/dTil...re,ich‘l...rid() T,T]

/

trace invariants: T, .., Ts,..40 + Tiy.oiaTisgn g Tiy o daTirigeig + oo
physics: discrete path integral over spacetime configurations

matrix model:

S = TrT? + g TrT*

Feynman-diag. expansion 7 :
= all possible tessellations N(g—g.) ? = const

continuum limit =
double-scaling limit:
N —o00 g—gc
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Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

example: N x ... x N matrix/tensor models

_S .ri11rl-1
/dTilm,t-d(iTél“,,gd(J T,T]

/

trace invariants: Ty, ..., Ti,..i, + Tiy.iyTivig.juTin g Tivig. iy + o

double-scaling limit:

N =00, g g

) 1
N (g —g.) ? = const
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Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

example: N x ... x N matrix/tensor models

/ ATy, 4485, 1,6 FT

/

trace invariants: T;, ..., Ti,..iy + Tiy.iyTiyjae iy g Tivig.. iy + oo

double-scaling limit: universal scaling near RG fixed points:
a3, _
‘ (9 —gs) + ...

o , By = -
N — X0, g — (e g ()l’j =0

_ 1 - — : AN
N (g —g.) ? = const = P 9(k) = gv = (kr”)
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Setting a scale in a pre- geometric setting

RG flow: from many degrees of freedom to
fewer (coarser) degrees of freedom

example: N x ... x N matrix/tensor models

/ ATy, 4485, 1,6 FT

11 /
trace invariants: Ty, ..., Ti,..i, + Tiy.iyTivig.juTin g Tivig. iy + o
double-scaling limit: universal scaling near RG fixed points:
__ 008, _
N =00, g g By = dg (9= 94) + ...
g 'g=g« g _0
' -3 = —0 » g(k) — gu = i
N (g —g.) ? = const G\K) = G 3

double-scaling limit = universal scaling near RG fixed point in [V
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No free lunch

example: N’ x ... x N'matrix/tensor models

-S r'-!_T’f!'T
/ dTi-l . dTil---'i-r_ze | |

y;

trace Envariants' PI‘J] ,,,,f,ffl;ij ,,,i,f + ?]1.51 ,,,i,fT].}]_}‘\,,,J,;Tl_‘“ },,'PI”“ i“\,,,i,,n +

hasU(N') ® ... @ U(N") invariance

N - :
Regulator: Ry[i1,...,14] = (?_ wr—T 1) O(N — (i; + ... +1g))
1+ ...ty _

index- dependent mass-like term N
8_
S 6}
s
54
3
2_
0_ : 1 - ‘.
5 10 15 20
[
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No free lunch

example: N’ x ... x N'matrix/tensor models
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N N _
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7-[ + + ?‘t'f : |
index- dependent like t UN')®...Q U(N')
index- dependent mass-like term
i N / broken
8 /
sk /
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24
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RG fixed points in rank 3 hermitian tensor models
/ U(N") x UN")x U(N’) symmetry

the model - & O

T . O o kel L R [ o
S ol - | T 5
T : Fug! I [ PRy + 95 S Al
1 . @® o Yo o Yo o e
- Til_h k1 .T-"‘,:.'f' 1k Tiz.fz’-",: T-‘l.fzf\';:
—_ |0
kg2 o

o(‘_’ 0
: : : : . 1
scaling dimensionality: g; = N g,;

consistently determined by RG equation (not just in tensor models)

Bg: = —dg.9i + #1(N) gi 94 + #2(N)gi+2 + ...

;3 = —dg,,,9i+2 + #3(N) gi+2 94 + #4(N)git4 + ...

MAi4-2
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RG fixed points in rank 3 hermitian tensor models

/ U(N") x UN")x U(N’) symmetry

the model v ?/\/:/

T . O Yo ¢« o o« o
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F 020l o toi2a” b Frae” Yo +oia e 0
. ] - _.1‘0 - "
J o . . 1 f g . f a §

Pirsa: 17110118 Page 48/55



' d Uy L . 0 Prg= il e ? k)
leed—pomt results e T o s
L © L : ] 0 . el i o i ¥
e T 4 ol : * i * '
o s o . o ‘. - . . - -
- - ."\ © -
LIS 20 i Wil i1 : U“‘, L
b o . o . d s
. 0 . . o -
scheme Hr;l ) ‘I 93 9. |.,n' - Jr;' . -f,_“., I'h.:-; " |
full 1.941 0O
semi-pert||-2.14 0
port -4.62|1 0
full -1.37) 0 2.14( 0 0 0
semi-pert||-1.47) 0 |-2.46[ 0 0 0
pert -2.14| 0 [-6.12] O 0 0
0 1 scheme | : | 0 | 03 | 04 | 65 | 05 | 0 ‘ O | 0o | 010 | O11 | 012 | 01 | O1a | n
full ||2.21]-0.24]-0.93 ntn | 0.54|
semi-pert 2 0.21(-0.68 -0 h\ [ 0.} v|
pert 2 0.69 | -0 .l
full  |[2.14]-0.5 ‘l -1.26(-1.26|-2.24|-2.54|-2.89|-2.89 |-3.15|-3.26|-3.26 |-3 H[ 3.31(-3.89|-0.: ;“
anOmalous d|men3|on semi-pert|| 2 |-0.58(-1.26|-1.26|-2.24|-2,54(-2.90|-2.90(-3.13|-3.26(-3.26|-3.31 |-3.31 |-3.90|-0.: 37|
pert 2 |-0. r 3.23(-3.37(-3.43| -4 1 |-4.07|-4.07|-4.14[-4.14 -5 | 0
A R L Ly =
n=-0InZy
scheme I #, ‘ /4 ' { A ‘ o5, I (i \ [ ‘ 4 [ I 00 | 014 I 012 | ta l 04 l U]
. A =73 ({a nl fll  [|0.93]-0.24]-0.03]-0.03 ‘ 0.54]
6 : By =DB8y(9,n9)) ] | d
- - o semi-pert || 0.93 |-0.21|-0.93]-0.03 [ 0.54
full | 1 ;1:;| 0.59 |;m} 1 zr.‘ 2.30 ‘JT.I] 2 89 -zsn{ J,]!’.} 3.26(-3 :r;] 3.31]-3.31]-3.80].0.37]
2 [ , se rt][1.33|-0.58]-1.26]-1.26]-2.31|-2.54]-2.00|-2.90-3.13|-3.26|-3.26]-3.31|-3.31|-3.00[ -0.37
9, % ,i-jgl — ..i—jq{.r:}q I}(f}')+ = (?(nlf‘\t) emi-pert || 8| 3 1 | |
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Summary
1) RG: Probing the scale dependence of QFTs

2) RG for spacetime in the continuum:
The price for setting a scale in Quantum Gravity

3) RG for discrete spacetimes:
The price for setting a scale in Quantum Gravity
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effective universality
in asymptotically
safe qg

reason behind
large error in
estimate of
scaling exponent
in tensor models?




Fixed-pointresults ~ =~

scheme Hu‘f.‘ . I',‘.f 2e |',‘.I‘I y th—.": g "hf'l- " it 4 |
full 1.94] 0
semi-pert||-2.14 0
port -4.62] 0O
full -1.371 0 |-2.14] 0O 0 0
semi-pert||-1.47| 0 [-2.46| 0 0 0
wrt -2.14 0 |-6.12] 0O 0 () .
" = Observation:
9 =1 Second scheme in accordance with scaling

relation from € expansion at multicritical points
in systems with competing orders
anomalous dimension T.

disordered phase -
n=-0InZy

“ordered
phase 2

ordered
0 : By =DBy(g,n(9)) ph359!1

mixed phase

9, . By = Bg(g,n(g)« = const)
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2 [ , se rt][1.33|-0.58]-1.26]-1.26]-2.31|-2.54]-2.00|-2.90-3.13|-3.26|-3.26]-3.31|-3.31|-3.00[ -0.37
9, % ,i-jgl — ..i—jq{.r:}q I}(f}')+ = (?(nlf‘\t) emi-pert || 8| 3 1 | |
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] " Iy 2o [ O Fivo a e . o d B ¥ 2
Fixed-point results o =
heme ||gi). |9tz g |90 982 |98
full 1.94] 0
semi-pert||-2.14 0
port -4.62] 0O
full -1.37) 0 2,14 0 0 0
semi-pert||-1.47| 0 [-2.46| 0 0 0 . )
. [ enl 5516 towards convergence in extended truncations?
0 — 1 scheme ﬂf(n\ B0 | 64 | 05 | 0 | 00 | 0 | 65 | 010 | 01y | 012 |n“ 014 |

full ﬂ:.zl.,n 24/-0.93 ntn
semi-pertf 2 0. 21-0.68 0.68]
| |

2 fn(,u 2

E=Es
=

|||'I'T ;‘
full ”-.u.;;.u 39(-1.26|-1.26|-2.24|-2.54|-2.89|-2.89 (-3.15(-3.26|-3.26 | -3.: ;1[ 3.31]-3.89|-0.: ;*
. . |
anOmalous d|men3|on ~.-~:ui-|n-|!i‘ 2 J-05 .| 26-1.26]-2.24|-2.54]-2.90|-2.00|-3.13]-3.26|-3.26 |-3.31|-3.31]-3.90[-0.37|
pert [ 2 |-0. i. 2 3.23/-3.37|-3.43| -4 1 |-4.07|-4.07|-4.14|-4.14| -5 | 0
A P Ly i
n=-0InZy ,
|
scheme | 07 | 05 | 63 | 00 | 65 | 60 | on | ok | 6 | 0% | 0% | 0ha | Oha | 05u | n |
. f = | 1 full  §0.931-0.24|-0.93|-0.93 0.54
0 : By =B4(9,n(9)) l_Joosfozq | 4
- - o semi-pert § 0.93§-0.21 {-0.93|-0.93 |l 0.54
- - E = -
full ;“I 33}-0.59 IQ{;} I 2(;| 2.30|-2.5 1] 2.80 -zsn{ JL]-".} 3.26]-3 :r;l 3.31]-3.31]-3.80].0.37
= B - A ([ . . s n]l 33}-0.58]-1.26]-1.26|-2.31|-2.54]-2.00[-2.00[-3.13]-3.26|-3.26|-3.31]-3.31|-3.00|-0.37
Q' . By =By(g,m(g)s = const) ~ emiperdiIROs Laanss ‘
N
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Beyond double scaling? - » « Fa iy ettt
. e . el . 0 ¥ i L :
i & 2 e . :
schome || g7 | ol ‘ art lont] oid | oda | e ° * " . ' = : T
full 1.05]-1.33 ; . % e &
semi-pert |[-1.68(-1,05 . o Al
port 1.62( 1.73 ki * Bt b A i
full 0.63]-2.11|-0.14| 0 |-0.39 . 20 - E ks 2
sormi-port -0.63(-2,351-0.200 0 0.57
port 2.01(-1.64|-4.43| 0 1.84
full  [-1.04[-0.84|-0.97| 0 |-0.64|-0.99 —
somi-pert|-1.15|-0.80/-1.21] 0 |-0.78|-1.14 scheme | 02 | 60 | 05 | 66 | 67 | 05 | 05 | 010|011 | 612 | 613 | 014 | 0 |
port -2.10(-0.54|-5.64] 0 |-1.68|-0.47 full 20.651-0.65 -0.67
..«AL‘rni—port -0.68]-0.68 . . l . |-0.66
o e e e
full -0.48(-0.48(-1.22 + i 0.44|-1.53|-1.53|-1 T -2.72 0.76
semi-pert ||2.68| 0.26]-0.51|-0.51|-1.24 + i 0.45|-1.57|-1.57|-1.76|-1.76|-2.49|-2.49|-2.76 0.75
pert |[2.11[0.34] -2 | -2 |-2.00] -2.90 |-3.54]-3.54] -4 | -4 [-4.13]-413] 5 0
full 2.56( 0.44]-0.97(-0.97|-1.80 £ i 0.42(-2.45(-2.45(-2.63|-2.63|-2.95|-2.95|-3.06 -3.45-0.52
semi-pert [[2.30] 0.44§-0.98|-0.98]-1.81 =+ 1 0.42|-2.47|-2.47|-2.65|-2.65|-2.97-2.97 |-3.06 | -3.47 |-0.51
pert  ||2.04]0.37] -2 | -2 [-2.68] -3.16 |-3.87|-3.95|-3.95] -4 | -4 [-4.00]-4.00] -5 | 0
scheme | o, | 05 1 65 l 0, |05 o, | (18 | 0% ‘ 05 I (1 ] 44 ‘ 019 | 0q | 4 | 1 ‘
fall  Jo.65]0.47)0.65]-0.65 -0.67
semi-pert 10.68/0.42}0.68(-0.68 0,66
full  11.03]0.43}0.48[-0.48]-1.23 + i 0.46 -0.76
“semi-pert |1.04]0.44]0.51|-0.51]-1.25 + i 0.47| - |8
~full J117[0.64f0.97[-0.07]-1.82 + i 0.42]-2.45]-2.45[-2.63[-2.63]-2.95]-2.05[-3.10[-3.45]-0.52
semi p.-r-1£|_1';'n_r;:; 0.98(-0.98-1.83 + i 0.42[-2.47|-2.47]-2.65]-2.65|-2.07[-2.07|-3.10|-3.47|-0.51

- -

Pirsa: 17110118 Page 54/55



Summary
1) RG: Probing the scale dependence of QFTs

2) RG for spacetime in the continuum:
The price for setting a scale in Quantum Gravity

3) RG for discrete spacetimes:
The price for setting a scale in Quantum Gravity
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