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Intro
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v Renormalisable [Stelle,

v Asymptotically free [Avramidi, Barvinsky,

X Appears to contain a massive spin-2 ghost and a spin-0 tachyon

The ghost naturally has a high mass and does not appear at low energies. Furthermore, the
related issue of unitarity may be resolved by changing the quantization prescription, under
which they are quantized as purely virtual particles.

Tachyons, on the other hand, are generally considered unhealthy.

Both theories can be considered as truncations of some infinite curvature expansion.
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Gravitational scattering potential.
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When loop corrections are taken into account,
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Not affected by UV divergences.

[Donoghue '94]
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Various perspectives on quantization of gravity.

String theory ?

UV E Loop quantum gravity ?
Dynamical triangulation ?
Causal sets ?
Discrete gravity ?
Asymptotic safety ?
Infinite derivative gravity ? Hofava models ?
mp
independent of UV-completion
EFT computable corrections E2/A2, < 1
perturbative unitarity breaks down at E ~ A ~ Mp;
IR *GR

Perturbative renormalisability # UV-completeness # theory is actually valid for energies above
the Planck scale
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Independent connection. Palatini. MAG.

The Cartan curvature tensor is the Yang—Mills strength tensor for the GL(4) group
F;u/ab = 8,uAuab - aI/A[_Lab + A;LacAucb - AuacA/_LCb .
The torsion tensor and the nonmetricity tensor are defined as

@rab = —Dirgab = —0r8ab + Ar 2 8cb + Ax b Gac »
T2 = 0,0°, — 0,07, + A 0%, — AL0°, .

Palatini action: )
2
S= Emp/ d*x/—gF(Ag).
For pure gravity, it produces Einstein equations of motion.
If additional terms are present, the independent connection gains its own dynamics.
» Geometrical beauty

» Very similar to Yang—Mills theory of particle physics = possible unification with other
interactions



Classification of MAGs

Basic classification of MAGs.

T=Q=0
metric theories

antisymmetric
teleparallel

general
teleparallel

symmetric
teleparallel

The mystical triangle.

MAG incorporates several theories equivalent to GR, as well as its extensions.

For any metric theory of gravity, there exists a teleparallel equivalent (in the absence of
fermionic matter). The opposite is not true.
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Constructing Lagrangian. Dimension-2.

From the EFT point of view, one needs to include all invariants that are allowed by symmetries:

s :%/d‘lx\/—g[mf;(F(A,g) —20) = MET? — M3 Q2 +]

_ %/dflx\/%[mf, (R(g) ~20) — m3 T2~ my @ +... |

At energies lower than the torsion and nonmetricity mass scale, only dim < 2 terms dominate,
making torsion and nonmetricity negligible.

One can also see this as a particular realization of the Higgs phenomenon.
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Constructing Lagrangian. Dimension-4. Quadratic MAG.

Quadratic metric-affine gravity can be expressed in a schematic way:
L=-F+@+T*+QT +F> =R+ (R+Vd+d?)? + 2.

This is a popular 28-parameter Quadratic MAG action.

Considering all the terms that are allowed by symmetries, we have rather

L=F+TT+TQ+ QQ
+ FF + FDT + FDQ + (DT)? + DTDQ + (DQ)?
+FTT+FTQ+ FRQQR+ TTDT + TTDQ + TQDT + TQRDQ
+ QQDT + QRDQ+ TTTT + TTTQ + TTRQ + TQRR + QRQQ .



Spectrum

Particle content of MAG.

ts hs ha ta

TTT 37,17 | 27,17 | 25,15 | 07
TTL+ TLT + LTT 21+, Of - - 13+
%LTT - 22+, Oj 12+, -
TTL+ TLT — %LTT - lf 2;, 03+ -
TLL+ LTL+ LLT 1, 15 1y -
LLL OI - - -

50(3) spin content of projection operators for a rank-2 and rank-3 tensors in d = 4
(a/s=(anti)symmetric,ts/ta=totally (anti)symmetric; hs/ha=hook (anti)symmetric).

In addition to the metric degrees of freedom, MAG may propagate:
37,27 x3,27x2,1"x3,17 x6,0" x4, 0.

What can we say about the RG flow of such theories?
What is the space of UV-complete RG trajectories?
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The heat kernel technique. Universal functional traces.

A formal way of dealing with functional traces:

~d
Trlog A = —/ By esht
0 S

Mostly, we are interested in the early-time asymptotic expansion, which is related to UV effects.

All hinges upon the structure of the kinetic operator, i.e.the Hessian:

For minimal operators A = —[J + E, there exists an explicit formula.

For nonminimal operators (such as V.V, V,04, etc.), one has to expand the logarithm.
[Barvinsky, Vilkovisky '85]

Universal functional traces are related to Q-functionals (integrals over s obtained using the
Laplace transform):

Tr [V, - Vi (B)] = )d/zzo_,,+ calf] /dfo(” ),
n>0

where K are curvature invariants related to the off-diagonal heat kernel coefficients in the
coincidence limit.



RG flow in 4DG and MAG

Running in MAG.

Consider the following action (in metric gauge):

1
S = > / d*x\/g (cLFuwpaF"™ P + a1 Ty, THP) .

First computation of the beta function (for theory with propagating torsion and nonmetricity):

1 22 ,
Blc1) = @E3 [Donoghue '17]
r 1 4 71 e 97 fr 71 pr 107 fr 7 pr 25, p 253 fr FT
— = = LpfF oL L L L Y]
Fdu (47r)2/dx‘/é’?[15L1 ool Tt Tapl Tk Tphe gk Tk
—%LgT — i’—ng + %L{T - %LQTT - ;—OLJT + %Lsﬁ +.. ] [OM, Percacci 23]

As expected, even the first curvature squared term contributes to all the other terms allowed
by the symmetries.

This theory in nonrenormalizable due to the appearance of F# invariants.

If we want a theory that has a more acceptable UV behavior, we need to look at MAG theories,
which are direct generalizations of Quadratic Gravity.
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Running in Four-Derivative Gravity

Sipg = ;/d4x\/§[mf;(2/\—R)+1C2—

A

4DG _ _ 1 @ 2
A (47)2 10 7’
1 5
3PS = (202 + 6X¢ +€2)

(4m)? 6

independently of the gauge choice.

A\ is asymptotically free,

& is asymptotically free iff ¢ <0 = spin-0 tachyon.

1

1
R? + ZEgp
3¢ p

[Avramidi, Barvinsky, '85]
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Quadratic gravity with propagating torsion

1
§=-3 / d*xy/E |2 (2N = R) + 20R? + 28R, R™ + 29Ryp0 R¥7
— by Ty pOTHP — by Ty, OTHY — by T, OTH — by THAV,V, TV
— bs THPAV YV, Ty, — bg TPV, V" Toyp — by TPV, VY Ty
— bg TPV, VAT? — by TV, YV, T + 7RV, T* + 0R*'V , T,
— 1 Ty TP — iy Ty THPY — g T, TV + . }

Here T, = T,%, is the torsion vector, R, ,-(g) is the Riemann curvature of the Levi-Civita
connection.
Very schematically, the kinetic operator and its inverse have the following forms:

o? Ov 5 & 1 /vt Ove 5 =
S@ = (DV vv) +O(RT), G=cs (DV3 D2V2) +O(RT).

Here we visualize this matrix acting on the sets of fields ¢ = (h,,,,6T,75)".



Intro  Classification of MAGs MAG as EFT Spectrum Heat Kernel Technique RG flow in 4DG and MAG Summary Backup

Quadratic gravity with propagating torsion

The torsion tensor can be decomposed into irreps of the Lorentz group:

« v 1
Ty=T."a, ay = €upr T ~”, Kapy = Tapy = Tiapy) — ET[agﬁl’Y] )

where T, is a vector, a,, is an axial vector, and & is the pure tensorial part of torsion that is
traceless and hook-antisymmetric:

ku®a =0, e””p)‘m,,p,\ =0.
After the decomposition is employed, the action becomes

S= —%/d“x\/g[mg (2A — R) + §c2 — %RQ + %EGB
+ R RV, TH 41y Cuppo VHEPT —dy T,OTH —dy TV, VT
— dya,0a" — dy 2,V V"a" — ds K, O6"P — do £,,p0 V*V, 6P
— dr ppA VIV R — dg T,V VP — do 1pr THVAV K77

2 2
+m7 T, TH+m; a,a" + m; K ps!? + .. } .

Here C = C"*7 Cuvpo, Nuvpr = v/Beuvprs EGB = Ruvpo R*P7 — AR, R + R
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RG flow in gravity with propagating torsion components.
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Figure: RG flow in gravity with propagating

hook-antisymmetric traceless torsion,

dﬁ = d7 = 1/3, n = 1/2.
=} F

Figure: RG flow in 4DG with torsion
vector, di =1, do=n = —0.8.



Summary

1. Both metric theories and MAGs are consistent and predictive below the Planck scale,
provided the ghosts are absent or have high mass. Quantum effects manifest themselves
as loop corrections to the Newton coupling.

2. When treated as an EFT, MAG explains why we see the Levi-Civita connection at low
energies, but lacks further predictive power at higher energies due to a large freedom in
incorporating new terms.

3. The behavior of beta functions in gravity with propagating vectorial or axial torsion is
qualitatively similar to the standard metric case. However, there exists a specific
nonminimal kinetic term for the pure tensorial (hook-antisymmetric traceless) component
of torsion that renders the gravitational couplings asymptotically free in the absence of

tachyons.
24 3»



Counting terms of dimension 4.

Antisymmetric MAG (R&T):

Backup

[Christensen '80]

[Baldazzi, OM, Percacci '21]

RZT (VT | RVT | RT? [ T°VT | T* | Total

3 9 2 14 31 33 [ 92
Symmetric MAG (R&Q):

RZT(VQ? [ RVQ [ RQ* | @VQ | @ | Total

3 16 4 22 59 69 | 173
General MAG (R&T&Q):

RZT (VO [ RVD [ RO? [ #*°Vd | &* | Total

3 38 6 56 315 | 504 | 922

(D,uab - A,u.ab - ry.ab

In the general case, we have 59 contributions of dimension up to 4 to the flat-space 2-point

function.

Spectrum depends on the choice of the couplings.

Almost any modified gravity theory can be fitted inside this MAG Lagrangian.
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Figure: The values of the beta function of &
coupling at £ = 0.1, A = r» =0 as a function of
ds. The three lines correspond to d7 = 0 (blue),
d7 = 1/2 (orange), dr = —1/2 (green). The
change of sign observed when passing to higher
values of dg is related to the qualitative change
of the flow.

Summary Backup

0.5F

0.0

-1.0L . ! ]
-1.0 -0.5 0.0 0.5 1.0

Figure: Sign of B¢ at the positive values
of &, with A = 0, depending on the
values of the couplings ds and d7. In
the blue region, B¢ < 0 and observe
asymptotic freedom. In the yellow
region, B¢ > 0. The value of rp is
irrelevant.
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GL(4) invariance in gravity

Given a coordinate system x*, and arbitrary bases {e,} in the tangent spaces and {e?} in the
cotangent spaces:

e, = 0,0, , e’ = 07,dx" .
Then 67, and the metric ga, are nonlinear objects
e metric g.p € GL(4)/0(1,3) ,

e soldering / frame field 67, € GL(4), (detf # 0) .

Buv = 92# ebu 8ab
Maf, = 01T 2705, + 0,10507, .

Possible gauge choices for GL(4):

> 07 = 67 coordinate frames - breaks GL(4) completely
— metric formulation

» g.b = 7)ap: orthonormal frames - breaks GL(4) to O(1,3) (Local Lorentz group)
— vierbein formulation
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