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Five formulations of GR: EG

— 4 —
SE(‘,(g) = ZN/d X ‘g’ R where ZN = 167G

Invariant under Diff M
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Five formulations of GR: DG

Sba(9, ¢) = Sea(g) where g, = 2.¢%gu
Spa(g.¢) = o / d*x /gl [#*R — 66929

Invariant under Diff x Weyl

Ow — P, ¢—-Q77¢.
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Five formulations of GR: UG

VIgl=w
Suc,(g) = ZN/d4Xw R.

Invariant under SDiffM
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Five formulations of GR: UD

Sun(g, ) = a / d*xw [¢?R— 66720

Invariant under Diff « M
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Five formulations of GR: WTDiff

¢ = %(!gl) §~
3x(g)=ZN/d4X|gl‘1‘“2[R+(’9| 'Vig| - 271V |

Invariant under SDiffM x Weyl
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Five formulations of GR: summary

DG
(g, ¢); Diff x Weyl

¢>¢/ ¢¢0qu)8 \gw

EG WTDiff uD
(9); Diff  (g); SDiff x Weyl  (gu, ); Diff*

Vigh= e\ Vgl =w

UG
(9u); SDiff

¢ = o
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Hamiltonian formulation

DG EG UG
fields q,'j,N,',N,¢ q,'j,N,',N q,'/',N,'
momenta p!,P P | p",P',P | p!,P
# can. variables 22 20 18
primary constr. P,P,C | P,P P!
secondary constr. | H;,H Hi,H Hi,Ha
# 1st cl. constr. 9 8 7
# canonical d.o.f. | 4 4 4

R. De Leon Ardon, S. Gielen, R. P, arXiv:1805.11626 [gr-qc]
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Which is best?

Gauge invariances needed in order to deal with local d.o.f.
The gauge group of all except UG is unnecessarily large.

On the other hand:

1. extending the gauge group is useful to recognize
equivalences between different formulations

2. larger gauge group means that certain singular
configurations could only be gauge artifacts (e.g. big bang)

3. suggest route to unification



Off shell GR
0000000080

Further extension to GL(4)

GL(4)-invariant formulation:
9w = gau Hbu Yab

90— N0, v ATyA

Different gauge fixings of GL(4):
@ 0% = 42 metric formulation
@ 4 = ngp Vierbein formulation
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Reformulation of GR

S(0,7) = Sec(9)
This is the linking theory for metric and tetrad gravity.

Shows that 6 and ~ are Goldstone bosons.



Gravitational Higgs phenomenon
©000000000

Higgsless Higgs mechanism

Reconcile mass with gauge invariance
Goldstone bosons o € G/H coupled to G-YM fields A,,.
1 .

7002 where Do = do + A'Ki(o)

L(G) = L(H)&P A= Algn) + Alp

In unitary gauge o = oy

Dog = A'lpKi(oo)

T. Appelquist, C.W. Bernard, Phys.Rev.D22:200,1980.

A.C. Longhitano, Phys.Rev.D22:1166,1980.
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Higgsful Higgs mechanism

Higgs field ¢ € V, and o parametrize orbit of Gin V
W = 3(0® — )%, with p = [¢)].
limy_o W with pg=const

@ for p < m,, p = po (Higgsless model as low energy EFT)
@ forp < my, Alp=00rDo =0
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Independent connection

Allow dynamical connection:
Palatini and Einstein-Cartan are off-shell reformulations of EG:

Connection is dynamically set equal to Levi-Civita.

Consider more general dynamics,
€.g. curvature squared terms.
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GL(4)-Gravity with independent connection

Spacetime manifold M, dimM = 4

E real vectorbundle with fiber dimension 4

local bases {0, } in TM and {e,} in E
@ pseudo-fiber metric in E, 4, signature +, +, 4, —
@ soldering form 62, detd # 0
@ linear connection in E, A%,
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Induced structures in TM

® g = Qau Hbz/ Yab
@ My, =071 ,1A\3,0°, + 65110,62,
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Torsion and Nonmetricity

@ 0,3, =0,0% — 0,02, +A2,0° —A3,0°,
@ Ajxap = —0\Yab + AxCaveb + Ar°bVac
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Gravitational Higgs mechanism v.|

Sp = / d*x /[ det gI[A"2770,%,0,,
‘*’BuabquA,uabAycd_F CManCdeyauApcd]
expanding around flat background: A=0,0=1,v =1
euav = Auav - Avau
Auélb = Auab + Auba

S contains

1
Sm = E / d4X \/ ‘ detg’ Q'uabycd Auab Aycd
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Levi—-Civita Connection

given 6, , there is a unique Asuchthat® =0, A =0

- 1, _ _ 1
A= 2 (9 1o Onkap+07" 2 Onkipe—0 " aA"fac)‘i‘é (Cabc+Cbac_Ccab)

where Cape = Vad Hd,\ (0_11)“ 8H9_1 c)\ — 9_10“ 8u9_1b)\)
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Gravitational Higgs mechanism v.llI

Any connection A can be split uniquely in A=A+ ¢

then S(A,,0) = S(A(0,7) + ®,0,7) = S'(®,0,7)

a a a
Ou.% = ®,5% —®.7%

Auab = (Duab + (Dp,ba

therefore

1
Sm= 2/d4X \/ ]det g\ Quabucd q)'uab (Dl,cd

For p < m,© = A = 0 and therefore A = A(6,~)
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Lesson and questions

The fact that the connection is a composite of the
metric/vierbein is a feature of the low energy EFT.

Main questions for quantum theory of spacetime:

@ why is the metric nondegenerate?
@ what is the dynamical origin of the Planck scale?
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Grand Unification to do list

. identify GUT group G

. fit particles in irreps of G

. write G-invariant action

iv. explain symmetry breaking (select order parameter, orbit,

potential)

check that new particles not seen at low energy have high
mass
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GraviGUT Il

Gi = SO(1,3), G» = SO(10), G = SO(1,13) or G = SO(3, 11)

keep dimM=4, enlarge fibers of E to have dimension N > 4
order parameter is soldering form

_|n 0 _ . M,
Y= [0 1N_4] , 0 is 4 x N matrix,e.g. (0) = [0}
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GraviGUT Il

Gravitational Higgs phenomenon:

A® H
= [HT A(10):|

kinetic term of 6 gives mass to A(), H, SO(10) remains unbroken

R.P. Phys. Lett. B 144, 37 (1984), Nucl. Phys. B 353, 271, (1991).
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Fermions |

SO(8,11) has Majorana-Weyl representation 64g that
decomposes under SO(3,1) x SO(10) as

64R = 2c X 160

Remark: SO(1,13) has Weyl 64¢c
decomposing as 64¢ = 2¢ x 16¢ + 2¢ x 16¢

F. Nesti, R.P, Phys. Rev. D 81, 025010 (2010) arXiv:0909.4537 [hep-th]
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Fermions Il

1 .
Dby = <au + ZAZZ(Ls,;”)) YLt

let XA = —A3
then 9], (Ay) Dy is one-form in 14 of SO(3, 11)

S= /1/JI+(A’yi)LD¢L+ A0 AGKA G Dy
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Fermions Il

Assuming the following VEVs:

¢mnrs = €mnrs 927 = Me™ u
djke = 0 otherwise 07 =0 otherwise

we find after some work

S— / dx "V .,

where now V,, = D£10) = O+ %AZ%O)Z(;[:O)
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Status of GraviGUT

@ kinematics well understood

@ bosonic action for broken phase can be written
@ fermionic content and dynamics ok

@ hard to write action that works in both phases

K. Krasnov, R.P., CQG (to appear) arXiv:1712.03061 [hep-th]



Conclusions
[ ]

Conclusions

@ Recent work seek dynamical origin of Planck scale in a
scale-invariant theory

@ View my? as the VEV of the metric, which is clearly an
order parameter distinguishing phases

@ The low energy EFT presents a “Higgsless Higgs
phenomenon” giving mass to the connection

@ This suggests a unification of the SM and gravitational
interactions
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