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Overview

@ Background of Lattice Quantum Gravity




Asymtotic Safety with EDT

It was pointed out by Weinberg that if garvity is
asymptotically safe, it would be renormalizable
non-perturbatively.[1]

Euclidean dynamical triangulations (EDT) is an
approach to lattice quantum gravity. Geometry is
constructed by gluing 4-simplices together. In
[arXiv:1604.02745], it was shown that when a
non-trivial measure term is added and associated
coupling is fine-tuned, EDT gives the correct Figure 1: Visualization of one

Hausdorff dimension and spectral dimension (/s 4).  configuration. Dots represent
4-simplices and the lines show

connection between the nearest
This talk summarizes the work done in neighbors.
arXiv:2102.04492.
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Euclidean Dynamical Triangulations I

The path integral of 4-d Euclidean Einstein gravity in the continuum is:
T = /'D[g e SEnlgl—Sul9]

where Sgy is the Euclidean Einstein-Hilbert action:

Spn = —ﬁ/d‘lm\/@(R—ZA),

and Sy is the matter sector (only scalar for now):

Sy = /d4$\/§ <%g“”8”¢8u¢+ %m(2)¢2) )
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Euclidean Dynamical Triangulations IT

Working in“quenched approximation”!, for lattice QG, the path integral becomes:

Zg=% 1 &= [[1}2, O(t)7 | e~ 5er (4)

where Cr divides out equivalant ways of labeling the vertices in a given geometry, No
is the total number of triangles in our geometry, 3 is a free parameter, and Sgg is the
Einstein-Regge action:[3]

N. N,
Spr=—r 1% VaSitA T4 Va=—ra Na+ry Ny, (5)

where £ = (87G)™*, A = kA, §; = 2 — O(t;j)arccos(1/4) is the deficit angle around a
triangular hinge ¢;, and where the volume of a d-simplex of equilateral edge length a
is given by

Vd: di“‘j/_;% ad. (6)

The action of the matter sector becomes:
Sla(: 1 2 m(2) 2 7
Bt 1 5 oy (Ba—y) 2+ 10 5, 2 (7)

where x represents the 4-simplex the scalar field lives on.

1‘Quenched’ means that the matter field does not influence the geometry.

), Jack Laiho, Mar July 27th, 2021



Overview

© Newtonian Binding




Scalar propagator and correlators I

We can write the action of matter sector as

1\‘71t = Z G Ly (8)
z,y
where Ly, = (Dy 4+ m3) — Ay, D, is the number of neighbors each simplex has and

(9)

1 if z and y share a dual edge
Azy = .
0 otherwise.

Then the one-particle and two-particle correlators can be calculated as

Z L;yld\ﬂv*yl r 2 Z (L;y1)25\zfyl r
G(r) = ( T ) and G?(r) = ( =% : (10)
< ZI,ZI 6|z—y|,r Zz,yé‘x_wﬂ”

We can compute the renormalized mass and the binding energy by fitting G and G®
to their asymptotic form:

— Mr
G x & —
rP rd

G(r) oc ; (11)
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Scalar propagator and correlators I1

The binding energy is defined to be
Ey=2m— M, (12)

If the mass of the scalar field is much lighter than the Planck mass, we can find the
binding energy by solving the non-relativistic Schrédinger equation with Newtonian
gravitational potential:[4]

G 2
—V20 (1,6,6) + 21 (—Tm - ) ¥ (r,0,9) =0, (13)
where p is the reduced mass (in this case m/2), we will get the energy levels to be:
G*m®
E, = 14
e (14)

Therefore, the relation between the ground state binding energy and particle mass is
as follows: .
G
By = 4m (15)

We expect to see this relation in the continuum, infinite-volume limit for our lattice.
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Computation of renormalized mass and binding energy I

Here is what we do to compute the binding energy:

@ Compute the propagator (L;yl) for different bare masses (mo = 0.001 to
mo = 0.050).

@ Choose multiple (1, 5, 20 or 60) sources in each configuration to calculate G and
G2

@ Fit the G and F= G®/G? to a logarithmic form: f(r) = Xr+ Y+ Zlog(r)

The parameter X should give us the renormalized mass when we fit G, and binding
energy when we fit F.

Loy = (Dz + mt2)) - Azy

> L;yld\z*yl r > (L;yl)%\zfyl r
G(r) = ( === ) and GP(r) = ( =2 ’
< D ey Olaylr 20y Olaylr
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Computation of renormalized mass and binding energy II
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Figure 2: Example of renormalized mass vs bare mass. (8 = 0)

The renormalized mass approaches zero as the bare mass approaches zero. This is in
agreement with the requirement by shift symmetry, that the mass must be only
multiplicatively renormalized.
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Mass dependence of the binding energy

We fit the binding energy and renormalized mass to E(m) = Am®. A = G*/4 and
a = 5 is expected in the non-relativistic regime and the continuum, infinite-volume
limit.

| —— Fit
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Figure 3: The power-law fit to the binding energy plotted against the renormalized mass for the
N4 = 16,000, 8 = —0.776 ensemble. The fit range is shown in black, and the solid line is the fit to the
data. The fit corresponds to a X2/d.o.f. = 0.59, with a p-value of 0.62.

With G and « from multiple ensembles, we are able to do the continuum,
infinite-volume extrapolation.




Overview

© Continuum limit




Continuum, infinite volume extrapolation I

We choose to fit the simplest ansatz suggested by finite-size scaling and discretization
dependence suggested by symmetries of the theory.

H, Jo
o=+ L6 + =+ Kol + La (16)
and
HG 2 JG 4
=41 — 4+ K L 1
G 1% + Gérel + V2 + Gérel + G ( 7)

where H;, I;, J;, K;, and L; are fit parameters for their respective quantities.

In addition, we also perform fits dropping the ~ ¢4, term, which we are able to do
when we also drop the two coarsest lattice spacing.
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Continuum, infinite volume extrapolation II

From the fit, we get a o value of 4.6 £+ 0.9.
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Figure 4: For this fit we find x?/d.o.f. = 0.56 12,
corresponding to a p-value of 0.73, and the

continuum, infinite volume value is o = 4.6(9).
The physical volume is measured by 1000
4-simplices. For example, an ensemble with
4000 4-simplices has V = 4.

Figure 5: Same data and fit from Figure 4

In 1+ 1 dimensions, F; o< m. In 2 + 1 dimensions, F; o« m?. Taking a simple
quadratic fit, we get
a=d —4d+5

Such an « value indicates a dimension between 3.6 and 4.1.
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Continuum, infinite volume extrapolation III

For the gravitational constant on our lattice, we get:
G=15%5

in units of our fiducial lattice spacing.
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Figure 6: For this fit we find x2/d.o.f. = 0.37 12,
corresponding to a p-value of 0.87, and the
continuum, infinite volume value is G = 15(5).
The physical volume is measured by 1000
4-simplices. For example, an ensemble with
4000 4-simplices has V = 4.

Figure 7: Same data and fit from Figure 6

We can then determine our fiducial lattice spacing ffiq, for the first time in EDT
studies, to be

VG =1tp = (3.9+0.7)sa (18)
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Conclusion

We show numerically that the renormalized scalar mass approaches zero as bare mass
approaches zero. And that the relation between binding energy and renormalized
mass can be well-described by Newton’s potential in the appropriate non-relativistic,
classical limit.

We verified that the Newtonian binding on our EDT lattice in the continuum,
infinite-volume limit matches Newtonian gravity in the non-relativistic,
weak-coupling limit, with o = 4.6 + 0.9, indicating a dimension between 3.6 and 4.1.

We obtain a value of G =15+ 5 (in units of our fiducial lattice spacing) so that we
are able to relate our lattice spacing to the Planck length. In particular, our fiducial
lattice spacing is related to the Planck length as:

VG = tlp = (3.940.7)lsa (19)
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