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How to summarise the results of a research field which is 48 years old?

∼ 5000 papers!

Disclaimer: Much will be neglected, some will be discussed.
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General Relativity as a classical theory of gravity

Einstein’s theory of General Relativity (GR) provides a remarkable classical
description of gravity, by establishing a relation between the geometry of
spacetime and matter

Rµν −
1
2gµνR︸ ︷︷ ︸

Geometry of spacetime

= 8πG Tµν︸ ︷︷ ︸
Matter

.

Given the initial conditions, the above system of 10 second order partial
differential equations allows to determine the metric gµν , measuring distances
and determining the motion of particles in spacetime, in terms of the
distribution of matter Tµν . Vice versa, the latter can be derived, once the
metric is known.
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GR has provided many fascinating predictions, confirmed by experiments,
which include light rays bending, gravitational waves, recently detected in
2016 by the Advanced LIGO (Laser Interferometer Gravitational-Wave
Observatory) and black holes.

The causal structure of spacetimes, solutions to the GR equations, can be
studied through the so-called Penrose diagrams.

Example: a neutral,
spherically symmetric
black hole.

Ruggero Noris Supergravity at 99% of the speed of light June 27, 2024 5 / 32



GR has provided many fascinating predictions, confirmed by experiments,
which include light rays bending, gravitational waves, recently detected in
2016 by the Advanced LIGO (Laser Interferometer Gravitational-Wave
Observatory) and black holes.
The causal structure of spacetimes, solutions to the GR equations, can be
studied through the so-called Penrose diagrams.

Example: a neutral,
spherically symmetric
black hole.

Ruggero Noris Supergravity at 99% of the speed of light June 27, 2024 5 / 32



The quest for unification and supersymmetry

The construction of a quantum field theory including all known fundamental
interactions has been a fascinating endeavour over the past century.

Symmetries have been a powerful ally in unifying electromagnetic, weak and
strong interactions in the Standard Model (SM). The latter is a quantum
field theory based on the Lie group SU(3)× SU(2)× U(1).
In the early ’70s, a novel kind of symmetry, called supersymmetry, relating
bosonic (integer spin) and fermionic (half-integer spin) particles, was
proposed. Schematically

δ|boson〉 = |fermion〉 , δ|fermion〉 = |boson〉 .
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From an algebraic point of view, supersymmetry is encoded in superalgebras,
which are Z2-graded vector spaces with a product satisfying a suitable
generalisation of the Jacobi identities.
The simplest example is given by the N = 1, d = 4 Poincaré superalgebra

[Mab,Mcd ] = 2(ηc[aMb]d − ηb[cMd]a) , [Mab,Pc ] = −2ηc[aPb] ,

[Pa,Pb] = 0 , [Q,Mab] = γab
2 Q , {Q, Q̄} = 2iγaPa .

One of the distinguishing features is that supersymmetry closes on
diffeomorphisms and, usually, on-shell on the fields.

Unitary irreducible representations of these algebras provide the so-called
supermultiplets, collections of fields with the same mass, describing an equal
number of bosonic and fermionic degrees of freedom.
Example: the Wess-Zumino massless supermultiplet [Wess, Zumino ’74]

( φ︸︷︷︸
Complex scalar

, ξα︸︷︷︸
Majorana spinor

) , 2 = 2 (on-shell).

Ruggero Noris Supergravity at 99% of the speed of light June 27, 2024 7 / 32



From an algebraic point of view, supersymmetry is encoded in superalgebras,
which are Z2-graded vector spaces with a product satisfying a suitable
generalisation of the Jacobi identities.
The simplest example is given by the N = 1, d = 4 Poincaré superalgebra

[Mab,Mcd ] = 2(ηc[aMb]d − ηb[cMd]a) , [Mab,Pc ] = −2ηc[aPb] ,

[Pa,Pb] = 0 , [Q,Mab] = γab
2 Q , {Q, Q̄} = 2iγaPa .

One of the distinguishing features is that supersymmetry closes on
diffeomorphisms and, usually, on-shell on the fields.
Unitary irreducible representations of these algebras provide the so-called
supermultiplets, collections of fields with the same mass, describing an equal
number of bosonic and fermionic degrees of freedom.
Example: the Wess-Zumino massless supermultiplet [Wess, Zumino ’74]

( φ︸︷︷︸
Complex scalar

, ξα︸︷︷︸
Majorana spinor

) , 2 = 2 (on-shell).

Ruggero Noris Supergravity at 99% of the speed of light June 27, 2024 7 / 32



Why supersymmetry?

Once supermultiplets and symmetries are chosen, the resulting
supersymmetric theories are unique.

Models featuring supersymmetry have a matching of bosonic and fermionic
degrees of freedom. The presence of fermionic partners usually makes
ultraviolet divergences of loop integrals (if present) less severe.
An example of a theory featuring global supersymmetry is the Minimal
Supersymmetric Standard Model, the simplest extension of the SM, which
resolves the hierarchy problem of the latter, by cancelling the quadratically
diverging corrections to the Higgs mass.
In view of these considerations, at the end of the ’70s, combining GR with
supersymmetry seemed a promising attempt towards the unification of gravity
with the other interactions. Moreover, supersymmetry was thought to be
capable of curing the diverging nature of GR.
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Linearised gravity and renormalisation

The quantisation of GR, described by the action

S = − 1
2κ2

∫
d4x
√
−gR , κ =

√
8πG ,

around a flat background is hurdled by the fact that the coupling constant κ
has negative mass dimension ([κ] = M−2 in natural units), making the theory
non-renormalisable by power counting.

Divergences of loop diagrams, if present, cannot be absorbed by
renormalisation of the Einstein-Hilbert action, as they necessarily require
higher derivatives.
While the S-matrix is finite at one-loop, it diverges at two loops [Goroff,
Sagnotti ’85]. The behaviour with bosonic matter is even worse.
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D=4, N=1 pure supergravity

The first supergravity theory was constructed in 1976 and described the
graviton supermultiplet alone, which is composed of

( gµν︸︷︷︸
Graviton

, ψαµ︸︷︷︸
Gravitino

) .

The field ψαµ is the supersymmetric partner of the graviton.
As a spinorial 1-form, in principle it has two components: 1⊗ 1

2 = 3
2 ⊕

1
2 .

However, the gravitino by definition satisfies

γµψµ = 0 ,

selecting only the 3
2 component.

The 1
2 component has been selected in “unconventional” supersymmetry

models [Alvarez, Valenzuela, Zanelli ’11].
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The action encoding the dynamics of these fields is

S =
∫

d4x
(
− 1
2κ2
√
−gR + εµνρσψ̄µγ5γνDρψσ

)
. [Freedman, van Nieuwenhuizen ’76]

The action is invariant under a supersymmetry transformation of the fields

δgµν = −2iκε̄γ(µψν) , δψαµ = 1
κ
Dµεα =⇒ δS = 0 .

When the graviton is not involved, supersymmetry can be a global symmetry
(i.e. εα constant). However, gauging this symmetry necessarily requires the
inclusion of the gravity supermultiplet, that is

Local supersymmetry =⇒ Supergravity
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Supersymmetry transformations of the fields, combined with translation and
Lorentz transformations, close the Poincaré superalgebra (the closure on the
gravitino requires the use of the equations of motion).

The equations of motion read

Rµν −
1
2gµνR = Tµν(ψ2) , εµνρσγνDρψσ = 0 .

How many on-shell degrees of freedom (dofs)?
The graviton has two dofs, so we expect the same number for the gravitino.
One finds

dofs(ψ) = (d − 3)2[d/2]−1 d=4= 2 .

The gravitational supermultiplet can be coupled with other supermultiplets
yielding matter coupled supergravities.
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Is supergravity free of divergences?

N = 1 pure supergravity is a divergent theory: it diverges at 3 loops [Deser,
Kay, Stelle ’77] and the inclusion of matter only makes the behaviour worse.
Example: the coupling with a Maxwell supermultiplet (spin 1, 1

2 ) leads to
divergences at 1 loop [Van Nieuwenhuizen, Vermaseren ’76].

If adding a “single” Qα improved the behaviour of gravity, why not more?
This leads to the so-called Extended supergravities.
One could try and take N copies of these generators, QαI : supermultiplets
would then collect more and more particles with higher and higher spin.
However we know that the coupling of a finite number of particles with
spin/helicity higher than 2 is inconsistent.
=⇒ There is a maximum amount of supersymmetry: N = 8.
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The upshot is that Extended supergravities are not finite for N < 7.
The fate of the maximal N = 8 supergravity (which coincides with N = 7),
describing the gravitational supermultiplet

(gµν , ψαI
µ ,A[IJ]

µ , λα[IJK ], φ[IJKL]) 2 + 56 + 70 = 128 = 16 + 112 ,

is still unknown.

Maximal supergravity is certainly 4 loop finite [Bern, Carrasco, Dixon,
Johansson, Roiban ’12] and there are strong indications that divergences
should not show up before 7 loops.
However there is no clear proof of its finiteness.
If (most probably) all four-dimensional supergravities are divergent, do we
give up on the idea of merging supersymmetry and gravity?
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Diverging theories are not the worst

The old Fermi theory described the weak
interactions as a four fermion vertex
with coupling constant [GF ] = M−2,
making it non-renormalisable.

We now know that the correct theory
describing the weak interaction is the
SU(2)× U(1) Weinberg-Salam model.

When p � MW , the two diagrams effectively coincide with GF√
2 = g2

M2
W
.

=⇒ We can trust the Fermi theory results in this regime.
Is there a more fundamental quantum theory of gravity for which
supergravity is a good approximation in the regime p � MP?
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String theory in three slides

String theory assumes that ordinary particles
correspond to certain vibrational modes of
very small strings.

These objects move and oscillate in a
certain background space.

𝑥!

𝑥"

𝑥#

<latexit sha1_base64="9zLZvAj17f0LTmQeuxeyqGuDdnQ=">AAACGHicbVC7SgNBFJ31GeMramkzGAWrsCsSLYM2lgrGBJIQ7k5u4pDZ2WXmriCLP+An+BW2WtmJrZ2F/+JsDKKJp5nDOfdy5p4wUdKS7394M7Nz8wuLhaXi8srq2nppY/PKxqkRWBexik0zBItKaqyTJIXNxCBEocJGODzN/cYNGitjfUm3CXYiGGjZlwLISd3SbjvEgdQZKDnQ2LsrtlGprnWP7v2I3VLZr/gj8GkSjEmZjXHeLX22e7FII9QkFFjbCvyEOhkYkkKhC0ktJiCGMMCWoxoitJ1sdM0d30stUMwTNFwqPhLx90YGkbW3UegmI6BrO+nl4n9eK6X+cSeTOkkJtciDSCocBVlhpKsJeU8aJIL858il5gIMEKGRHIRwYup6K7o+gsnrp8nVQSWoVqoXh+XaybiZAttmO2yfBeyI1dgZO2d1Jtg9e2RP7Nl78F68V+/te3TGG+9ssT/w3r8ANV6grg==</latexit>
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String theory in three slides

String theory assumes that ordinary particles
correspond to certain vibrational modes of
very small strings.

These objects move and oscillate in a
certain background space.
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The spectrum of closed strings (= the set of possible vibrational modes)
includes a graviton and and therefore gravity, among an infinite number of
other particles.

Open strings describe instead gauge interactions
and must live on hyperplanes called D-branes.

The theory necessarily includes supersymmetry, in order to be able to
describe particles with half-integer spin.
The background space in which the strings move is not arbitrary.
Consistency of the theory requires such space to be ten-dimensional.
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Four dimensional physics can be recovered by assuming six of the ten
spacetime dimensions to be very small (compact) =⇒ Compactification.

There are five formulations of string theory, each with a different spectrum
and symmetries. These are all connected by dualities and can be seen as
different limits of a single 11-dimensional Membrane/Mother/Mystery theory.

heterotic
SO(32)

heterotic
E(8) ⇥ E(8)

Type II A

Type II B

Type I

compac-
tification

M-theory

T-duality

orientifold
action ⌦

S-duality

M-Theory
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Supergravity as an effective field theory

Ok, very nice... So what?
The consistency of string theory itself at the quantum level (=absence of
conformal anomaly) imposes constraints on the background space.

=⇒ It requires the background in which strings propagate to satisfy
the equations of motion of a ten-dimensional supergravity theory!

More precisely, supergravity provides a low energy (`s → 0) description of the
massless particles in the string spectrum. Stringy corrections introduce higher
derivatives and massive fields.
(See [Sen, Zwiebach ’24] for a clean derivation of linearised gravity from the
string field theory action.)
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Example: type IIA supergravity

The massless fields in the type IIA string spectrum compose a supermultiplet
given by

(φ,Bµν , gµν ,Aµ,Cµνρ, λ+α, λ−α, ψ+α
µ , ψ−αµ ) =⇒ N = 2

1 + 28 + 35 + 8 + 56 = 8 + 8 + 56 + 56 = 128.

The supermultiplet is described by the action [Giani, Pernici ’84]

S = 1
2κ2

10

∫
d10x
√
−g
(
R − 1

2∂µφ∂
µφ− 1

12e
−φHµνρHµνρ

+ 1
1442 ε

µ0µ1...µ9Fµ0µ1µ2µ3 (3Fµ4µ5µ6µ7Bµ8µ9 − 8Hµ4µ5µ6Cµ7µ8µ9 )

− 1
48e

φ/2GµνρσFµνρσ −
1
4e

3/2φFµνFµν
)

+ fermions ,

where F (2) = dA(1), H(3) = dB(2) and F (4) = dC (3) + F (2) ∧ B(2).
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M-theory and 11d Supergravity

All string theories are different aspects of a single theory.
What do we know about it? Most of the results are due to supergravity itself!

Indeed there exists a unique 11-dimensional supersymmetric theory containing
gravity, which means it has to be the low energy effective action of M-theory.
This further strengthens the role of supergravity in relation to string theory!
11-dimensional supergravity describes the supermultiplet

(gµν , ψαµ ,Aµνρ) , 44 + 84 = 128 .

Type IIA supergravity is recovered
through compactification of one of the
11 dimensions along a circle. 𝑀!"

𝑥!"
𝑆!
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The action reads [Cremmer, Julia, Scherk ’78]

S = 1
2κ2

11

∫
d11x
√
−g
(
R − ψ̄µγµνρDνψρ −

1
24GµνρσG

µνρσ

+
√
2

192 (ψ̄µγµνρστηψν + 12ψ̄ργστψη)(2Gρστη −
3
√
2

2 κψ̄[ργστψη])

− 2
√
2

1442 ε
µ0...µ10Gµ0...µ3Gµ4...µ7Aµ8µ9µ10

)
, G (4) = dA(3) .

Example of a bosonic solution: the M2-brane.
We expect a two dimensional extended object as a solution to this
supergravity, since we have a 3-form in the theory. Such solution preserves a
ISO(1, 2)× SO(8) symmetry together with half of the original
supersymmetry. Explicitly it reads

g =
(
1 + q

r6

)− 2
3
ηµνdxµdxν +

(
1 + q

r6

) 1
3
δijdx idx j ,

Giµνρ = εµνρ∂i

(
1 + q

r6

)−1
.
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The AdS/CFT correspondence "era"

Being closely related to string theory, it comes with no surprise that
supergravity plays a central role in the AdS/CFT correspondence, one of
today’s most active research areas, even after more than 20 years from its
inception.

The AdS/CFT correspondence is a conjectured strong/weak coupling duality
between theories of gravity on anti-de Sitter (AdS) backgrounds in d+1
dimensions and conformal field theories (CFTs) in d dimensions.
The dual theories are related in such a way that (through the so-called
holographic dictionary [Gubser, Klebanov and Polyakov ’98]) the
identification of the respective path integrals is possible

ZGravity[Φ0] = ZCFT[J ' Φ0] .

This identification in turn allows the computation of any physical quantity
(n-point function) of a theory from the knowledge of the other.
See [Zaffaroni ’00] for an example.
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The role of supergravity

In its strong formulation, the gravity theory is taken to be string theory itself.
If we consider the low energy limit on the gravity side (supergravity), we get
strong coupling on the CFT side.
This opens a window on the non-perturbative regime of gauge theories!

This gravity/gauge duality was first proposed in [Maldacena ’97], where an
equivalence between type IIB supergravity on AdS5×S5 to N = 4 super
Yang-Mills, in the large colour limit was discussed. The correspondence
between the two theories at all regimes was only conjectured.

=⇒ Supergravity was one of the key ingredients for the development
of this conjectured duality, motivating the continued interest by
the physics community in such a topic.
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The construction of supergravity models

We have seen that supergravity, despite being non-renormalisable and most
probably divergent, has a vital role in relation to string theory. For this
reason it will probably enjoy/suffer the same fate.
However... How are supergravity theories constructed exactly?

The derivation of a gravitational action,
featuring supersymmetry, can be a
nightmare, especially when the number
of fields increases (Extended
supergravities) or if we are working in
higher dimensions.
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The Noether coupling method

A way of obtaining supergravity theories from globally supersymmetric ones is
the renowned “Noether coupling method”.

Let us illustrate the idea with an example: the Wess-Zumino model.

Lagrangian : L = −∂µφ∂µφ∗ − (ξ̄R�∂ξL + ξ̄L�∂ξR) ,
Susy : δεφ = ε̄LξL , δεφ

∗ = ε̄RξR ,

δεξL = 1
2 �∂φεR , δεξR = 1

2 �∂φ
∗εL .

The variation of the lagrangian is

δεL = ∂µ(ε̄L)jµL + ∂µKµ + h.c. , jµL = −�∂φ∗γµξL , ∂µ jµL |on−shell = 0 .

When the symmetry is global (εL,R constants) the lagrangian is invariant, up
to a total derivative.
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If εL,R = εL,R(x), then the lagrangian is not invariant: we introduce new
‘gauge fields’ ψµL,R and

L1 = − 1
κ
ψ̄µL jµL + h.c. , δεψµL,R = κ∂µεL,R .

Ok, but now we have to take the δε jµL,R into account, right?

−ψ̄µL δε jµL = ψ̄µLγνεRTµν + . . . , Tµν = ∂(µφ∂ν)φ∗ − 1
2η

µν∂ρφ∂
ρφ∗ .

Then we see that we can introduce a new term in the lagrangian

L2 ∼ −gµνTµν , δεgµν ∼
1
κ

(
ψ̄µLγνεR + h.c.

)
.
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This shows that local supersymmetry requires the introduction of a metric
and a gravitino!
We also see that this procedure is not over and would require additional steps
(introducing kinetic terms for the new fields, covariantising the
supersymmetric transformation rules, ...)

Overall, the Noether coupling method is an iterative, algorithmic procedure.
But as you can see from this example it can be very involved!

Is there an alternative?
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Superspace approaches

As supersymmetries are ‘the square root of diffeomorphisms’, one could enjoy
the idea of extending usual manifolds by adding unphysical fermionic
directions. The idea was first suggested in 1974 [Salam, Strathdee ’74].

The obtained supermanifold is described locally by coordinates
zM = (xµ, θα), where θα are Grassmann variables, satisfying θαθβ = −θβθα.
Fields are now promoted to superfields

Φ(x , θ) = φ(x) + ξα(x)θα + O(θ2) .

This turns out to be an incredibly efficient way of condensing very long
expressions!
The precise mathematics behind supermanifolds and superfields is a bit more
subtle, but here we are interested in key ideas.
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The rheonomic approach

Given the matter content (supermultiplets), the symmetries and the number
of spacetime dimensions, the rheonomic formulation provides an efficient and
algorithmic way of obtaining supergravity theories.

Every field in the supermultiplet is promoted to a superfield: we saw that the
latter contains various component fields, when expanded out.
To avoid overcounting, we have to impose some constraint.

<latexit sha1_base64="S+gFHTqnbq4mq7lJTpZO/ybvmlg=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChjKRyENKrOh82YRTzmfrbg8RWfkCWqjoEC0fRMG/YBsXkDDVaGZXOztBLIVB1/10VlbX1jc2S1vl7Z3dvf3KwWHHRFZzaPNIRroXMANSKGijQAm9WAMLAwndYHqT+d0H0EZE6g5nMfghmygxFpxhKrUeh5WqW3Nz0GXiFaRKCjSHla/BKOI2BIVcMmP6nhujnzCNgkuYlwfWQMz4lE2gn1LFQjB+kged01NrGEY0Bk2FpLkIvzcSFhozC4N0MmR4bxa9TPzP61scX/mJULFFUDw7hEJCfshwLdIGgI6EBkSWJQcqFOVMM0TQgjLOU9GmlZTTPrzF75dJ57zm1Wv11kW1cV00UyLH5IScEY9ckga5JU3SJpwAeSLP5MWxzqvz5rz/jK44xc4R+QPn4xuKG5GM</latexit> x

<latexit sha1_base64="x59p/wyM7U1g7tG1kDNPcMujVvQ=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8piaL1ZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTq9Tv/2A2sjAv6NZiH0Pxr4cSQGUSK0eTZBgUK7YVTsDXyZOTiosR2NQ/uoNAxF56JNQYEzXsUPqx6BJCoXzUi8yGIKYwhi7CfXBQ9OPs7RzfhIZoICHqLlUPBPx90YMnjEzz00mPaCJWfRS8T+vG9Hosh9LP4wIfZEeIqkwO2SElkkNyIdSIxGkyZFLnwvQQIRachAiEaOkl1LSh7P4/TJpnVWdWrV2e16pX+XNFNkRO2anzGEXrM5uWIM1mWD37Ik9sxfr0Xq13qz3n9GCle8csj+wPr4BXc6TuA==</latexit> ✓
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✓ = 0
The rheonomic constraint:
All physical information should
be contained in the slice θ = 0:

Φ(x , θ) ∝ Φ(x , 0) .
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Mathematically speaking, the infinitesimal difference Φ(x , θ)− Φ(x , 0) is
related to the Lie derivative of Φ, along a fermionic vector field.

This single constraint turns out to be enough to completely and uniquely
determine both dynamics (lagrangian + equations of motion) and
supersymmetry field transformations!
The rheonomic approach is a versatile formalism, which can be applied in
various spacetime dimensions and for different supermultiplets.
Moreover, it has strong ties both with supergeometry and
superalgebras/strong homotopy Lie algebras [Cremonini, Grassi, N., Ravera
’22]
This explains the longevity of such approach, which has been used even
recently in [Dall’Agata, Liatsos, N., Trigiante ’23] and [Andrianopoli, N.,
Trigiante, Zanelli ’24].
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Mathematically speaking, the infinitesimal difference Φ(x , θ)− Φ(x , 0) is
related to the Lie derivative of Φ, along a fermionic vector field.
This single constraint turns out to be enough to completely and uniquely
determine both dynamics (lagrangian + equations of motion) and
supersymmetry field transformations!
The rheonomic approach is a versatile formalism, which can be applied in
various spacetime dimensions and for different supermultiplets.
Moreover, it has strong ties both with supergeometry and
superalgebras/strong homotopy Lie algebras [Cremonini, Grassi, N., Ravera
’22]
This explains the longevity of such approach, which has been used even
recently in [Dall’Agata, Liatsos, N., Trigiante ’23] and [Andrianopoli, N.,
Trigiante, Zanelli ’24].
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Thank you for your attention!
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