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This work sought to revisit an age-old question, namely:

“What does gravitational physics in a compact extra dimension look
like to a lower dimensional observer?”

Three principal motivating observations:

* Folk wisdom from the time of Kaluza-Klein says there should be
(infinite) towers of massive gravitons

* Nonlinear massive/multi-gravity theories have had a resurgence in

recent years See reviews by:
- de Rham [1401.4173]; Hinterbichler [1105.3735]; Schmidt-May, von Strauss [1512.00021]

= Standard multi-gravity cannot arise consistently from dimensional
deconstruction — so what gives? -de Rham, Matas, Tolley [1308.4136]
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* What is dimensional deconstruction?

* Why can we not get standard multi-gravity from dimensional
deconstruction?

= How do we fix this?



Part 1: multi-gravity



What is multi-gravity and why should we care?

As the name suggests, multi-gravity is a modified theory of gravity
involving multiple interacting metric tensors rather than just one (as in
standard GR) @

Tw VS. 00 @ @
R /%/H—:ﬁ @

A theory containing N metrics describes the nonlinear interactions of:
= 1 massless spin-2 field

= N — 1 massive spin-2 fields
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Interesting to think about for a number of reasons:

= Originally, the motivation was the cosmological constant problem

(technically natural dS vacua with CC proportional to graviton mass)
- Babichev et al, 2016 [1607.03497] & [1604.08564]

= Can potentially say a lot about dark matter - Atbornoz, Schmidt-May, von Strauss, 2017 [1709.05128]
- KW, Heurtier, Saffin, Avgoustidis (upcoming)

= Possible resolution to Higgs hierarchy problem through the

I - Niedermann, Padilla, Saffin, 2018 [1805.03523]
CIOCkwork meChar"Sm - KW, Saffin, Avgoustidis, 2023 [2304.09205]

= Can relate to other theories of gravity involving extra dimensions
(this talk)

= Most importantly, can recover GR so crucial to test!
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Interaction structure

The fundamental building-block of the interactions is the matrix:
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We can express the structure of the interactions diagrammatically,
depending on which §;_,; matrices appear in the action:

= T’s live on links, characterise interaction
strength
Liii. = |nteractions are oriented in direction of
arrows since S;_,; = S]‘_)l
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Example: Potential involves S,_,,, and S,_; only
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Q: What interactions are we allowed in multi-gravity theories?

A: Only tree graphs! e.q.

- Nomura, Soda, 2012 [1207.3637]
- Scargill, Noller, Ferreira, 2014 [1410.7774]
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Part 2: dimensional
deconstruction



Dimensional deconstruction

The basic idea (for our purposes):

Take some gravitational theory in 5D and discretise the extra
dimension on a lattice
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Dimensional deconstruction

- Arkani-Hamed, Schwartz, Georgi [hep-th/0302110]

- Deffayet, Mourad [hep-th/0311124]

More precisely; - de Rham, Matas, Tolley [1308.4136]

= Consider multi-gravity with chain-type interactions

e_/ﬂc},?; live 6 s/:'ae.sg
_—

EA,-}-{K C{;N\Lﬂs"ﬂﬂ On l.ﬂ‘iﬂ"""“’{

* Introduce notion of lattice spacing via interaction coefficients
* Take limit N - oo, 6y — 0, Néy fixed

= End up at gravitational theory on M5 = M, x [0, L] , effectively
discretising the extra dimension

= Each gfg now is an induced metric on a constant y hypersurface



ADM decomposition

ds* = Gy ydaedz™ = g, (da* + N*dy) (da” + N"dy) + N3dy’
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Deconstructing standard multi-gravity

We expect 3 kinds of fields in 4D:  950(%) = g (2, i) v/

NH) = Nz )

4D

\-———_-

4 D)
M’jf:% ~OH DR

Y Sﬁu:éﬂ/é &7
N and M hoes et /JJZ \ej J r

"_‘—" L‘Ié.fﬁ v l?-/'\‘f
J it / ¢ es bere
- No Q,DQ&



A more precise statement of the problem

The 5D GR action in 4+1 ADM variables is:

M3
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Why fixing the lapse is bad

Multi-gravity potential is only recovered if one fixes the lapse to 1
before discretising. This causes many problems:

* No analogue of diff invariance along the extra dimension

= No analogue of the extra dimensional Hamiltonian constraint, which
gave crucial structure to 5D GR

= Can be linked directly to massive/multi-gravity’'s low strong coupling
scale ( M(5)) 1 _de Rham, Matas, Tolley [1308.4136]
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Why fixing the lapse is bad

These results all culminate in the following statement:

“It is Impossible to obtain conventional multi-gravity in a consistent
manner from dimensional deconstruction”

But — key ingredients are still present: the obvious question is, “If not
standard multi-gravity, then what?”



Part 3: an improved
deconstruction
procedure



Keeping the lapse

Keeping the lapse in the discretisation procedure leads to a 4D theory
of the form:

MZ
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Keeping the lapse

Keeping the lapse in the discretisation procedure leads to a 4D theory
of the form:

M2
JK_Z/d4 V/— det g A ( 2(4)3(@—2/\4)

1=0
Z / gabcdﬂjki ) ()a A e(j)b A e(k)ﬂ A e(l)d
1,7,k,0=0

Standard multi-gravity non-minimally coupled to a collection of scalar
fields — scalar-tensor multi-gravity (STMG) — still ghost free!



Recovering 5-dimensional GR

| used the example of 5D brane cosmology to demonstrate that in the
continuum limit (N — oo, 8y = 0):

5D GR:
Deconstructed STMG theory: =  Dynamical equations
= Metric eqs GO = k2T Gij — ,{2T§.

N[ G(”“ +2A49W] —I—W(é (N)_
T + M, [v(@ VON; — gOYN]

Israel junction conditions
Kyn — Khyn = —RQSMN (y — O)

= Bianchi constraint/Stuckelberg eqgs Kyn — Khyn = +5°Suny - (y=1L)
VOW DR (N) = My RiydN; = Momentum constraint (Ggs)
’ D'K" = D, K

= Scalar egs Mz, Hamiltonian constraint (Gzc)
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Recovering 5-dimensional GR
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Scalar-tensor multi-gravity

Readily generalises to arbitrary STMG theories, which are all ghost
free, perfectly viable modified gravity EFTs in their own right
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Scalar-tensor multi-gravity

Readily generalises to arbitrary STMG theories, which are all ghost
free, perfectly viable modified gravity EFTs in their own right

N-1
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Ig = Z /deE’\/— det g { (¢ )R(i) — ¢ )9( G 0,0i0, i — Ui(¢s)
i=0
N-1
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Potentially interesting phenomenology e.g. screening mechanisms:
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Summary and future directions

= Main takeaway: can’t get standard massive/multi-gravity from an
extra dimension consistently, but can get multi-gravity + scalar fields

* New theory STMG is a perfectly viable ghost free modified theory of
gravity away from continuum limit

» Lots of potentially interesting phenomenology for the new scalars
(e.g. screening mechanisms)

= Can potentially use it to ask questions about higher dimensional
physics through a lower dimensional lens (e.g. Gregory-Laflamme
instability exists in both 5D GR and 4D multi-gravity)
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Let’'s examine the potential in more detail:
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= Constructed from the vielbeins of each metric: gffﬂ = eﬁf)”‘eg)bnab

= Each term describes an interaction between metrics i4, i, ..., ip
Ty, i, = T,..i, arbitrary constants characterising the interactions

 Interactions are ghost free (for our purposes) whenever interactions
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Consistency checks
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