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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?”

The big picture



Please see slides at 

the end of this 

template for chart and 

table examples as 

well as different 

elements. Copy and 

paste these items 

onto this page.

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:

The big picture



Please see slides at 

the end of this 

template for chart and 

table examples as 

well as different 

elements. Copy and 

paste these items 

onto this page.

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

The big picture



Please see slides at 

the end of this 

template for chart and 

table examples as 

well as different 

elements. Copy and 

paste these items 

onto this page.

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

The big picture

See reviews by:

- de Rham [1401.4173]; Hinterbichler [1105.3735]; Schmidt-May, von Strauss [1512.00021]
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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 

▪ Standard multi-gravity cannot arise consistently from dimensional 
deconstruction – so what gives?

The big picture

-de Rham, Matas, Tolley [1308.4136]

See reviews by:

- de Rham [1401.4173]; Hinterbichler [1105.3735]; Schmidt-May, von Strauss [1512.00021]
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▪ Introduction to the key aspects of massive/multi-gravity

▪ What is dimensional deconstruction?

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

▪ How do we fix this?

Outline



Part 1: multi-gravity
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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)

A theory containing 𝑁 metrics describes the nonlinear interactions of:

▪ 1 massless spin-2 field

▪ 𝑁 − 1 massive spin-2 fields

What is multi-gravity and why should we care?

𝑔𝜇ν 𝑇𝜇ν vs. 𝑇𝜇ν𝑔𝜇ν
(1)

𝑔𝜇ν
(2)

𝑔𝜇ν
(3)

𝑔𝜇ν
(4)
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Interesting to think about for a number of reasons:

What is multi-gravity and why should we care?
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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)

▪ Can potentially say a lot about dark matter 

What is multi-gravity and why should we care?

- Babichev et al, 2016 [1607.03497] & [1604.08564]

- Albornoz, Schmidt-May, von Strauss, 2017 [1709.05128]
- KW, Heurtier, Saffin, Avgoustidis (upcoming)



Please see slides at 

the end of this 

template for chart and 

table examples as 

well as different 

elements. Copy and 

paste these items 

onto this page.

Interesting to think about for a number of reasons:

▪ Originally, the motivation was the cosmological constant problem 
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▪ Possible resolution to Higgs hierarchy problem through the 
clockwork mechanism
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▪ Can relate to other theories of gravity involving extra dimensions 
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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)

▪ Can potentially say a lot about dark matter 

▪ Possible resolution to Higgs hierarchy problem through the 
clockwork mechanism

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

▪ Most importantly, can recover GR so crucial to test!

What is multi-gravity and why should we care?

- Niedermann, Padilla, Saffin, 2018 [1805.03523]

- KW, Saffin, Avgoustidis, 2023 [2304.09205]

- Babichev et al, 2016 [1607.03497] & [1604.08564]

- Albornoz, Schmidt-May, von Strauss, 2017 [1709.05128]
- KW, Heurtier, Saffin, Avgoustidis (upcoming)
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It’s very tricky to couple multiple metrics without introducing ghosts, 
but it can be done! Need to work with dRGT framework

Theory of multi-gravity

- de Rham, Gabadadze, 2010 [1007.0443]

- de Rham, Gabadadze, Tolley, 2011 [1011.1232]
- Hassan, Rosen, 2011 [1103.6055]
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The fundamental building-block of the interactions is the matrix:

We can express the structure of the interactions diagrammatically, 
depending on which 𝑆𝑖→𝑗 matrices appear in the action:

Interaction structure

𝑔𝜇ν
(𝑖)

𝑔𝜇ν
(𝑗)

▪ 𝑇’s live on links, characterise interaction 

strength

▪ Interactions are oriented in direction of 

arrows since 𝑆𝑖→𝑗 = 𝑆𝑗→𝑖
−1
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Example: Potential involves 𝑆1→2, and 𝑆2→3 only

Interaction structure
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Example: Potential involves 𝑆1→2, and 𝑆2→3 only

Interaction structure

𝑔𝜇ν
(1)

𝑔𝜇ν
(2)

𝑔𝜇ν
(3)
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Interaction structure

𝑔𝜇ν
(1)

𝑔𝜇ν
(2)

𝑔𝜇ν
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Q: What interactions are we allowed in multi-gravity theories?

Interaction structure
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Q: What interactions are we allowed in multi-gravity theories?

A: Only tree graphs! e.g.

Interaction structure

- Nomura, Soda, 2012 [1207.3637]

- Scargill, Noller, Ferreira, 2014 [1410.7774]
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Interaction structure

- Nomura, Soda, 2012 [1207.3637]
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The basic idea (for our purposes):

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

Dimensional deconstruction
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More precisely:

▪ Consider multi-gravity with chain-type interactions

Dimensional deconstruction

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

- Deffayet, Mourad [hep-th/0311124]
- de Rham, Matas, Tolley [1308.4136]
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More precisely:

▪ Consider multi-gravity with chain-type interactions

▪ Introduce notion of lattice spacing via interaction coefficients

▪ Take limit 𝑁 → ∞, 𝛿𝑦 → 0, 𝑁𝛿𝑦 fixed

▪ End up at gravitational theory on          , effectively 
discretising the extra dimension

▪ Each 𝑔𝜇𝜈
𝑖

 now is an induced metric on a constant 𝑦 hypersurface

Dimensional deconstruction

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

- Deffayet, Mourad [hep-th/0311124]
- de Rham, Matas, Tolley [1308.4136]
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We expect 3 kinds of fields in 4D:

Deconstructing standard multi-gravity
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The 5D GR action in 4+1 ADM variables is:

where the extrinsic curvature is:

A more precise statement of the problem
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The 5D GR action in 4+1 ADM variables is:

where the extrinsic curvature is:

Only when we fix 𝒩 = 1 do we get the replacement:

A more precise statement of the problem
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Multi-gravity potential is only recovered if one fixes the lapse to 1 
before discretising. This causes many problems:

Why fixing the lapse is bad
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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

Why fixing the lapse is bad
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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

Why fixing the lapse is bad

- de Rham, Matas, Tolley [1308.4136]
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These results all culminate in the following statement:

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

Why fixing the lapse is bad
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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?”

Why fixing the lapse is bad
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Keeping the lapse in the discretisation procedure leads to a 4D theory 
of the form:

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

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

Keeping the lapse
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I used the example of 5D brane cosmology to demonstrate that in the 
continuum limit (N → ∞, 𝛿𝑦 → 0):

Recovering 5-dimensional GR

5D GR:

▪ Dynamical equations

▪ Israel junction conditions

▪ Momentum constraint (𝐺05)

▪ Hamiltonian constraint (𝐺55)

Deconstructed STMG theory:

▪ Metric eqs

▪ Bianchi constraint/Stückelberg eqs

▪ Scalar eqs

(new!)
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Recovering 5-dimensional GR

Dynamical eqs (RS Friedmann eqs) Scalar eqs (Hamiltonian constraint)
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Readily generalises to arbitrary STMG theories, which are all ghost 
free, perfectly viable modified gravity EFTs in their own right

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

Summary and future directions
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