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Goal: Make sense of
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(using traditional tools)

Below Planck scale:
Cosmological perturbation theory &
EFT formulation of QG by Donoghue et al.
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A discrete strategy

Discretize the continuum Path integral

continuum limi
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topologies triangulations



A discrete strategy

Discretize the continuum Path integral

" continuum limit
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A discrete strategy

“Fluid Phase”

“(as Phase”




Start with 2D: The “holy trinity”

Z=Y, [DgeB Vit [ ViR

2d quantum gravity

Dynamical
Triangulations Feynman diagrams

sncode triangulations —Ler M2 L tr M3
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Matrix Models



Start with 2D: Random Matrices

e Random Matrices are dual to triangulations in 2D

2D Euclidean QG Random Matrices
—LtrM?+ L tr P
Z= Dge PATX e? = [dMe VN
; / g (1) (2) Picture from 2D Gravity and
Random Matrices, Di Francesco,
Sum over topologies = Sum over M N 3 Ginsparg, Zinn-Justin
handles h M- —: N=elandg =¢€
VN g
A=Area =/ g
X = 2 — 2h is the Euler character ————= Continuum Limit is 2D Eucl. QG

How to take the continuum limit ?



Double-scaling limit
e Continuum limit from double-scaling limit (=contributions from all topol.)
1
(g _ 96)9 N = NO

e Linearized “RG Flow” in matrix size N [Brezin, zinn-ustin ‘92]
[Eichhorn, Koslowski “13]




A discrete strategy

Discretize the continuum Path integral

continuum limi
¥ [P Y e—

topologies triangulations

e Works in Two Dimensions but what about 4D ’5“
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From Matrix to Tensor Models

e Tensor Models = # of indices Z 3 [Ambjorn, Durhuus, Jonsson ‘91; Sasakura ‘91; Godfrey, Gross ‘91]
e Feynman Amplitdues are dual to Pseudo-Manifolds

e Large-N limit exists for “colored” Tensor Models (indexed by Gurau degree)

P [Gurau ‘09,10, “11; Bonzom, Gurau, Rivasseau ‘12]
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So Far

e Matrix Models discretize 2D QG

> > e Generalize to Tensor Models
o

Search for continuum limit resembling our
universe

Connection to Asymptotic Safety?

Use Functional RG as an
exploratory tool

[taken from the internet
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Local Flows

e RG step: local averaging
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Staling Dimension in
d-independent RG flow

Background-independent flows

e RG step: Non-local averaging

e Notion of canonical dimensionality defined by e No units, no (a priori) scaling dimension

mass dimension

e Canonical Dimension from autonomous
system of beta functions in large-N limit

2
2 (=2,
o B =2V (gl) 4 )
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Towards the fundamental nature of space-time

e Use a mathematical Microscope to zoom into the nature of space-time

-1
N _ 1. [((;21-']:5‘]; n RN) (98}}\][\7] E——) [From many degrees of]

ON 2 freedom to few

NOyTny =0 =ssssmd  Indicates Phase Transition

e T'y includes all possible interactions allowed by symmetries of underlying
theory



How to cook with the FRG - A recipe

Ingredients: Instructions:

e A truncation of the effective action

e Compute ]_"53)

e Avregulator Ry
Specify Ry

1) a1 +ay+a3 < N: Ry >0

Cook ,B-fcts (or compute)

2) N<aj+ay+az3: Ry=0 using FRG

3) NN —00: Ry— o Fix scaling of couplings




Trusting the Fixed Point?

e Ensure stability of results by successively increasing truncation (up to 30 coup.)

4 )

1. Starting Scheme: Quartic Order with perurbative approximation for 1]
2. Quartic Order with polynomial approximation for 1
3. Quartic Order with full non-polynomial i
\_ 4. Sixth & Eight Order, same procedure for 7) W,

e Regulator bound n<1

e Assumption: Canonical guiding principle
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Regulator Bound(7 < 1) i

Rewrite anomalous dimension

—NONZ _
> n= ZzN:ZNNN"

Consider now our regulator

= RN({CL,'} ) {bz}) = ZN 501111 50252 60»3113 50454 (a1+a2]-:-fa3+a4 o 1) 0 (a1+a21-ra3+a4 - 1)
Consider N - N’ — o (Recover Bare Action) N: IR-cutoff

lim Ry ~Zy N~ N7
N—N'—o00

N': UV-cutoff
Regulator needs to diverge in that limit

| 4




Canonical Guiding Principle

ldea: Increasing truncation should not induce new relevant directions

> max () — max(d;) <5

[ 2 ] _ _0,i,7) | _0,(13) | _ All couplings with scaling dimension
_g4,1 = —2 [94,1 ] = —2 [94,2 ] =2 > —§ areincluded
ﬁi,z = =3

Next coupling with largest scaling
dimension [g3,] = —5
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Trusting the Fixed Point?

e Ensure stability of results by increasing truncation (up to 30 coup.)
1. Starting Scheme: Order with perurbative approximation for 1}
2. Order with imation for M
3. Order with full non-polynomial 1
4. Order, same procedure for 7}

e Regulatorbound n<1

e Assumption: Canonical guiding principle

18



ere a Phase Transition from a discrete

tm Gravity phase to a continuous one?




The Model

e Consider areal rank-4 Tensor model s.t.

T, — O 0P 0¥ oW

a1b1 " a9bo " asb3 " asbs

e Enlarged Theory space compared to U(N)® 4

20
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¥ TO-interactions £ T melonic interactions

At T : 132 interactions (belonging to 20 combinatorial families) [Avohou, Ben Geloun, Dub 19]

At T® : 4154 interactions (belonging to 188 combinatorial families) [Avohou, Ben Geloun, Dub “19]



An Algorithm to set up the truncation

e Finding all the interactions by hand/drawing is VERY time consuming and
annoying

e Alternative: Construct the interactions from bottom up using a computer

e How? — Gluing together fundamental Lego blocks, only input are T4
interactions
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A little example

______

Do this for all possible combinations to obtain all possible interactions

(up to degeneracies)



Finding color-symmetric families

e Mathematica gives: T[-a1,-a2,-a3,-a4] T[a1,a2,a3,b4] T[b1,b2,b3,a4] T[-b1,-b2,-b3,-b4]

s | Introduce the Indicator




The Indicator

Tr(Tn) — Set of.coupl.es of numbers cap_turing the
combinatorial structure of an interaction

= {<473)7(471)a (47 U)}



Applying the FRG

e (oarse-grainingin N

-1
NOyTx = 31e(T%) + Ry ) O R

EE—— One equation for every interaction
E— Have to derive and solve 30 coupled

non-linear equations



Ingredient |l: Regulator

[RN({a.i} {bi}) = ZN 6ayb, Oayby Oagby Oasb, (aﬁaNm - 1) 0 (ﬁ B 1)]

a1 +as +az3 < N": Ry >0

. . , . N"<a;+ay+az: Ry=0
No notion of mass dimensionality
N—-N —-0c0: Ry— o

All choices 7 > ( seem to be allowed

Tis fixed by the dual geometric interpretation
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Staling and the FRG

e Crucial pointis that there is no a priori scaling

e Scaling is fixed by demanding that the beta functions be autonomous

By, ~ g1g2 N = B5 ~ g, g, Nt +192I-1g3

= a+ [g1] + [g2] — [¢3] <0

e Need to solve a bunch of inequalities (Upper Bound=Enhanced Scaling)



ittle insight...

L . 22 2,2 2.3 g2t 171 1,2 1,3
ﬁgg‘l = (“[92,1] T 271) 92,1 & 167:21 (94‘1 +951 + 94.1) 92‘1 Nl I12 (96.1 +961+ 96,1) X

x Nlsal=l2a] _ 73 g1 Nlo.2l-18k] _ 67100 NlaeT1-1621]

941

: ; E 55 ; g 2
Bas = (~1gki) +2n) o3 +8T3 (g8,)” Nh-3) 116 T3 (g} of ) ) NI 823 (1) x
x Nl — 571 g Nls-Es) _ 73 g2 NEea-1a1) _ 372 g3 N1g3i-1di) _ 371 92T x

x Nei"1=161) _ 972 g2i Nlasil-laii] _ 71500 nlseTl-1ain]
_ . 4 2 & =2,i1__ 52 2
By, = (~laa +2n) G3o + 16T (931 037 + o2} 0hd + 937 923 N2I0E1-lokal
+ 162’22 92‘2 (giv% + gif + giv;) N[gji] + 8123 (93.2)2 N[E/Z,z] - 311% gg‘g N[gg,Z!]_[g?l,Z]

3,1 2 ~2,i =2
— 2% (g3 + 933 + g33) NUEA-al T (g2 + 627 + g2} Niail-l5ka)

gk, Ns.21-Ei2) 4 487] 92200, NEEa]

Bow =(—[g8%] + 3n)gdi + 8T} gbri gl N1 HEE1-1821] 4 39 72 gt g2 Nlae:i1+1a 11121

961
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+48T3 g o N — 8T} gt (5] + 031 ) (9 — DGk — 1B — 1) NI+ o]
gk
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Interesting Continuum Limit?

truncation|| gi»| gi1 | 985 | 961 | 982 | 954 | 953 |98 | 98,2 |95.2.5|g8.2.m| 1 | 01,2 | 05 | 6a
T 11.3|-1.61| - - - - - - - - - 0.86 12.996 + i 1.227|-0.288(-0.288
i 5.36(-0.98(230.1(-1.42(-12.43| - - - - - - 1-0.62]2.984 £+ i 1.369|-0.752(-0.752
T® 3.50]-0.731219.6|-1.68|-12.29(-300.2|272.8|-2.4|-19.0|-23.6 | -6.1 |-0.49|2.793 £ 1 1.478| -0.21 | -1.01
gauge cutoff operators included | # rel. | # irrel. | Refl; | Refly | Refl3
beyond dir. dir.
Einstein-Hilbert
a=1,8=0 exp. 2 1.94 [ 1.94
a=0 Litim[209] 210] - 2 - 1.67 | 1.67 | -
a=0,3=0 exp. N 3 0 28.8 | 2.15 | 2.15 _ . . _ .
f=1,a=0 Litim \/.51?‘2.\/7111’2 3 1 [267 267 [ 207 | Notimcopatible with Reuter Fixed point
a=1,5=1 Litim VIR, /R 3 1 2.70 | 27 | 1207 : :
B=La=0 Litim NN 3 1 2.39 | 2.39 | 1.51 found in Asymptotic Safety
a=1,8=1 Litim VIR, ... /IR 3 6 2.41 | 241 | 1.40
a=0,8=0 Litim NI o) B 3 32 2.50 | 2.50 | 1.59
a=0,h/o Litim \fg[fg. VR R 3 1 8.40 | 2.51 | 1.69
B=a=1 Litim VIC™ C e 3psC™ 0 2 1 1.48 | 1.48

[stolen from Astrid, “An asymptotically safe guide to quantum gravity and matter”]
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Phase Transition

e Possibility of a (second-order) phase transition from a discrete phase of
Quantum Gravity to a continouos phase of Quantum Gravity ?

Phase Transition




summary

e Explore theory space of Tensor Models

e Study Composite Operators — Connection to AS

Geometrical
Properties ?

e Spectral Dimension?

e Asymptotic Safety and Dynamical Triangulations two sides of the same

medal?



