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and try to review more broadly the issue:

Are massive-gravity and bigravity EFTs in the 
string landscape or in swampland ?



An unfamiliar corner of the Landscape/Swampland  
Massive gravity & bigravity:

ghost-free EFTs ??
de Rham Gabadadze, Tolley

Hassan, Rosen

bottom-up models ???
Randall, Sundrum, Karch
Dvali, Gabadadze, Porrati

  particular IIB AdS 
embedding
CB, Lavdas



Plan    

1.  EFTs for bigravity and massive gravity   

2.  AdS and supersymmetry   

3.  Holographic mechanisms   

4.  String theory embeddings 

5.  A (wild)  conjecture



1.   EFTs for massive gravity and bigravity

  Brout-Englert-Higgs mechanism for interacting spin-1 fields: 
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   decouples one set of gauge bosonsg2 → 0

   Scales: m , Λ =
m
g1

   cutoff of EFT
   New particles or strong coupling

   Unless    there is no EFT m ≪ Λ

   NB in passing:   WGC ⇔ Λ < MPlanck

   For weak interactions LHC has settled the issue in favour of Higgs



 A similar reasoning applied to gravity:

Arkani-Hamed, Georgi, Schwartz 
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 Diffeo allows pullback: Ĝμν = ∂μΦM∂νΦNGMN
   Scalar under    -diffeo

     Tensor under    -diffeo

X
x

   decouples one gravitonκ1 → 0    massive gravity
   freezes        to a fiducial metricGMN



Up to here same as for spin 1

But crucial difference: 

ΦM(x) has 4 degrees of freedom,

3 missing polarizations + a ghost

Choosing      to be `mixed volume elements' decouples the ghostF

de Rham, Gabadadze, Tolley 

 Fierz, Pauli 

Hassan, Rosen 
∫ eabcd ea ∧ eb ∧ ̂Ec ∧ ̂Ede.g.

Hinterblicher, Rosen



By analogy one could have expected a cutoff scale Λ2 ∼
m
κ

Analysis of dRGT in Minkowski gives instead Λ3 ∼ ( m2

κ )
1/3

Although specific to dRGT, this seems to be an "ultimate breakdown scale"

- No choice of     does betterF

- No spins < 2 can improve the bad high-E behavior

Bonifacio, Hinterblicher, Rosen 

Cheung, Remmen; 

Bellazzini et al; 


de Rham, Melville, Tolley  

- Analyticity + improved unitarity of 4-point scattering
indicates lower cutoff Λ4



Can dRGT or any variant EFT of massive gravity be in the Landscape ?

The strong spin-2 swampland conjecture says NO Kläwer, Lüst, Palti  

Λ1 ∼ mcutoff:

evidence favouring this in Minkowski background    see end

But the story looks different in AdS

∃



  Disclaimer:

  The low cutoff limits the phenomenological viability of m-gravity, 

  though observations test the theory in cosmological bakgrounds

  and with massive sources
Dvali; . . . 

  But the question is of theoretical interest in its own right

  since IR modifications of gravity are rare



2.   AdS  &  supersymmetry

 Why AdS ? 

  - because      IIB string embedding 

  - because the dual CFT question is very interesting

∃

  Main difference in AdS  dRGT :   cutoff
Λ⋆ ∼ ( m

L κ )
1/3

 For "EFT" need mL ≪ 1 ;
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multitrace



  For technical convenience

 Why susy ? 

  Actually even N=1 susy ghost-free theory not yet constructed

  But IIB embedding indicates that maximal, N=4 extension exists

  If so it should be a very special theory, like the

   conventional maximal supergravities

Zinoviev; . . . 



Superconformal representation theory narrows down possibilities

 Consider to start BEH of spin    in D=4 dimensions:

This converts a short rep  into a long rep  of SO(2, 3)
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At the unitarity threshold

For spin 2 : [2]3+✏ ! [2]3 � [1]4
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Stückelberg = massive vector Porrati

s

Mass Scaling dimensionm2 ∼ Δ − s − 1



With             supersymmetryN = 4
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the particles belong to reps of 

These are classified  
Cordova, Dumitrescu, Intriligator   

Dolan  

Osp(4 |4)

BEH of the supergraviton amounts to

L[0](0;0)1+✏

✏!0
�����! A2[0]

(0;0)
1 �B1[0]

(1;1)
2 ,
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graviton supermultiplet

(6 vectors, 2 scalars)

Stückelberg :


112 bosonic d.o.f.

& four spin 3/2 fermions  

massive supergraviton


28 = helicity states = 128 bosons + 128 fermions



Susy g Massless graviton

AdS7
N=(2,0) osp(8⇤|4) D1[0, 0, 0]

(0,2)
4

N=(1,0) osp(8⇤|2) B3[0, 0, 0]
(0)
4

AdS6 N = 1 f(4) B2[0, 0]
(0)
3

AdS5
N = 4 psu(2, 2|4) B1B̄1[0; 0]

(2,0,2)
2

N = 3 su(2, 2|3) B1B̄1[0; 0]
(1,1;0)
2

AdS4

N = 8 osp(8|4) B1[0]
(0,0,0,2) or (0,0,2,0)
1

N = 7 osp(7|4) B1[0]
(0,0,2)
1

N = 6 osp(6|4) B1[0]
(0,1,1)
1

N = 5 osp(5|4) B1[0]
(1,0)
1

Table 1: The AdSD supergravities for which the massless graviton is in an absolutely protected representation.
We list the number of supersymmetries, the superconformal algebra g, and the absolutely protected representation in
the notation of ref. [9]. The list includes all cases in D > 5 dimensions, and all cases with more than half-maximal
supersymmetry for reasons explained in the main text. The table has redundancies: when the massless graviton is
protected for given (D,N0) it is also protected for all (D,N > N0).

be clear in the following section. A quick mnemonic for string theorists is that Higgsing is
only possible if the dual SCFTd can couple as a defect to a higher-dimensional bulk theory
without breaking its own superconformal symmetries. This is indeed impossible whenever
NQ > 8 or for d = 5, 6. 6

Let me stress however that these no go statements are purely kinematical and do not
depend on any details of the Brout-Englert-Higgs (BEH) mechanism. The only assumptions
are superconformal invariance and unitarity.

It should be also noted that the existence of marginal superconformal deformations is
neither a necessary nor a sufficient condition for the Higgsing of the supergraviton. Indeed
superconformal manifolds exist for N = 1, 2, 4 in d = 4 but only for N  2 in d = 3 [26].
On the other hand, Higgsing of the supergraviton is forbidden for N = 4 in AdS5 whereas
it is possible for N = 4 in AdS4.

6Our counting of supersymmetries in the table is the standard counting on the field theory side, i.e. N
is the number of spinor supercharges of the SCFTd. Superconformal symmetries double this number on
the gravity side. The two maximal massive supergravities in particular, dual to N = 4 SCFT3 and N = 2
SCFT4, correspond to AdSD vacua of gauged N = 4 supergravity in D = 4 and D = 5 dimensions. In both
cases the number of Poincaré supercharges of the SCFT is NQ = 8.

5

ruled out

  This is  not possible for superconformal symmetries where the

}

}
D > 5

𝒩 >
max

2

  graviton supermultiplet is separated from continuum by mass gap 

  fits nicely with M-theory expectations of possible bnrs + defects 



in the following section.
The cases N = 2, d = 3 and N = 1, d = 4 are not ruled out as easily seen with explicit

examples. The marginal or relevant deformations for N = 1, d = 4 are superpotential
deformations in chiral multiplets with U(1)R charge 2 � r >

2
3 . One can form a marginal

deformation (r = 2) from the product of two chiral multiplets with r = 1. A famous example
is the Klebanov-Witten theory [28] in which the bifundamental chiral fields have R charge
r = 1

2 , so there are gauge-invariant operators with r = 1. The product of two such operators
can be used to deform two previously decoupled Klebanov-Witten theories. The case N = 2,
d = 3 is even simpler, since quartic superpotentials are classically marginal. They can be
used to make two decoupled theories interact. For instance N = 4 SCFTs have a plethora
of marginal N = 2 deformations of this kind (see e.g. [29]).

These conclusions are summarized in table 2 . Also listed in this table are the multiplets
that provide the extra polarization states of a massive supergraviton in all the cases where
Higgsing is a priori allowed. Consistency requires that such Stueckelberg multiplets should
be available whenever two decoupled theories are made to interact. We will now see that
this is indeed always the case.

Susy Multitrace Massless graviton Stueckelberg

AdS5
N=2 no A2Ā2[0; 0]

(0;0)
2 B1B̄1[0; 0]

(4;0)
4 �

�
A2B̄1[0; 0]

(2;2)
3 � cc

�

N=1 yes A1Ā1[1; 1]
(0)
3 LĀ2[1; 0]

(1)
7/2� cc

AdS4

N = 4 no A2[0]
0,0)
1 B1[0]

(2,2)
2

N = 3 no A1[1]
(0)
3/2 A2[0]

(2)
2

N = 2 yes A1Ā1[2]
(0)
2 LĀ1[1]

(1)
5/2� cc

N = 1 yes A1[3]5/2 L[2]3

Table 2: The AdS supergravities for which the graviton multiplet can obtain a mass by gauging
a global symmetry of the dual SCFT. The alternative ‘multi-trace mechanism’ is only possible for
NQ  4 supercharges. The superconformal algebras are su(2, 2|N ) in d = 4 and osp(N|4) in d = 3.
The two right-most columns list the massless graviton and the Stueckelberg multiplets in the notation
of ref. [9]. The massive graviton multiplets contain 2NQ�1 bosonic and 2NQ�1 fermionic states.

3.3 Stueckelberg multiplets

Since the reader may not be familiar with the representation-theoretic notation of ref. [9],
let me discuss the case of N = 1 supersymmetry in d = 4 in more familiar language. In this
case the conserved and traceless energy-momentum tensor sits in a real vector superfield
R↵↵̇, subject to the conditions D̄

↵̇
R↵↵̇ = D

↵
R↵↵̇ = 0. This superfield includes in addition

9

kinematically allowed m-sugras

In all cases the Stückelberg multiplet  includes (extra) spin-3/2 gravitinos

Can these massive supergravities be constructed ? Do they exist ?

m-ads5

m-ads4



Remark

  N=4 D=4 compatible with BEH of spin 2

  but not of spin 1 

Louis, Triendl ’14

Corodova et al ‘16

  because massless spin-1 multiplets are absolutely protected

  Global symmetries of dual SCFT3 cannot break under marginal 
deformations; but em conservation can 
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3.   Holographic BEH mechanisms



 DUAL of BIMETRIC TH:
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 two massless gravitons

`weak’  coupling
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Two dual BEH mechanisms 

Double trace �L = � tr(o)tr(O)
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Aharony, Clark, Karch 
Poratti; Kiritsis; 1

Gauge mediation  gauge common global symmetry

n

 quiver 1  quiver 2

low-n or weakly-coupled

U(n) messenger gauge field

2 CB, Lavdas

λ ≪ 1



 Double trace can at most preserve      max susy 
1
4

 so it cannot be holographic-dual to mads4 or mads5

 Proof: no marginal supermultiplet factorizes into a 
product of supermultiplets except for free fields

 e.g. N=2, d=4 only marginal parameters are gauge couplings;
while N=1, d=4 has also cubic superpotentials

 Double trace is non-geometrical, corresponds to 2-particle 
bacground  



4.   String-theory embeddings

With this much susy the relevant dual SCFTs are 

d=3 (conjectured) IR fixed point of good  Hanany-Gaiotto-Witten  theories

d=4 class-S  Gaiotto  N=2 SCFT theories

The supergravity solutions are explicitly known 

IIB of the form   D=4 (AdS4 × S2 × S′ 2) ×w Σ2
Assel, CB, Estes, Gomis
D'Hoker, Estes, Gutperle

M-theory of the form   D=5 (AdS5 × S2 × S1) ×w Σ3
Gaiotto, Maldacena
 Maldacena, Nunez



. . . . n1n2nN�1

mN�1 m1m2

F-hypers

biF-hyper

U(n1)
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gauge group

flavor group

 Both SCFT types are described by quiver gauge theories

 but there are some key differences when one tries to cut

 the chain continuously in two disjoint quivers 



  In d=4 vanishing of beta functions implies concave rank curve 

nj

j

  So one cannot cut the chain by lowering the rank of a "weak node"

g2

g3
gN−1

  One can take    gweak → 0    ; no (known) smooth geometry of the bridge     

weak

  must study degeneration in string theory  



  In d=3 there are no continuous parameters, but ranks not concave

nj

j

  In the dual geometry the bridge is a cutoff  AdS5xS5 throat,

   or more generally its Janus deformation 

weak

 so can cut chain by taking 
nweak

nj
→ 0



ds2 = dx2 + e2A(x)ds2
AdS4 + ds̃2

5 , ϕ(x)

x

eA

Janus

AdS4 vac

AdS4 vac'

ϕ∞

ϕ′ ∞

L

L′ 

  (Obscure in QFT) Janus parameter Δϕ = ϕ∞ − ϕ′ ∞

  Taking to infinity also decouples the theories and sends ϵgr → 0



5.   An EFT  N=4 D=4  m-supergravity ?

 Now to the punchline of this talk:

Σ
NS5

D5

base manifold

10d spacetimeAdS4 ×w M6 AdS4 ×w M′ 6Janus



mg
0

L−1

Λ⋆

mass

ϵg
0

1

ϵ*

ϵ = dim − 3

mJanus ϵJanus

graviton

throat KK

dRGT cutoff

multiparticle;
rest of KK

ϵg = #
n2

c3d |Δϕ |
; ϵJanus ∼ |Δϕ |−2ϵ⋆ ∼ (ϵgc3d)1/31 ;

≪

  spin-2 spectrum in this IIB background is:

strings ; D-branes



  Is there an N=4 EFT for the lightest massive spin-2 mode ?  

  Caveats:  

 (i)     also massless gauge bosons on 5-branes dual to flavour currents∃
 (ii)  validity of "EFT" in AdS should be defined through conformal bootstrap

  If yes it should involve an unusual N=4 Stückelberg multiplet

  A hitherto unknown deformation of N=8 ? 

Closed string; 
flavour neutral

ψμ , Aμ , ⋯
4 10 + 6



some unchartered territory for

Gianguido's next book !



  Interesting recent work by De Luca, De Ponti, Mondino, Tomasiello

  extends Cheeger bounds to spin-2 KK mass operator in generic

  A(dS) or Mink compactifications.

 If m1 ≳ 1/L  then m2 ∼ m1

 ( in line with strong spin-2 swampland conjecture in flat background)

  For 
m1 ≪ 1/L  no useful upper bounds

  breakdown of EFT should come from stringy/brane states

  Note added:  

 and even counterexamples with non-singular m1 → 0

Tomasiello (private)

Kläwer, Lüst, Palti  



Vielen Dank


