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“Never in all the history of science has there been 
a period when new theories and hypotheses arose, 
flourished, and were abandoned in so quick 
succession as in the last fifteen or twenty years.” 

Willem de Sitter, 1931
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A standard model 

ΛCDM
Pillars: 

❖Laws of physics 
o GR, QFT/SMPP, Inflation 

❖Foundational assumptions 
o Isotropy & Homogeneity, Gaussianity 

❖Constituents of the Universe 
o DE, DM, Inflaton, extra relativistic particles

In perfect agreement with all current observations.



Standard model of cosmology
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“Do we need to go Beyond ΛCDM?”

Beyond ΛCDM: Problems, solutions, and the road ahead 
Physics of the Dark Universe 12 (2016) [arXiv:1512.05356] 

sort of a manifesto
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Historical perspective 
(Credit: Luca Amendola)

- Gravity is always attractive: how to prevent the sky from falling on our head? 
Aristotle’s answer: quintessence

Adding Λ was a modification of gravity

- Gravity is always attractive: how to prevent the stars from falling on our head? 
Newton’s answer: initial conditions 

 

- Gravity is always attractive: how to prevent the Universe from falling on our head? 
Einstein’s answer: modify GR by introducing a form of 

repulsive gravity 



Einstein 1917
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• Old CC Problem: why isn’t Λ huge?

• New CC Problem: why is Λ nonzero?

The Coincidence Problem
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Let’s assume it’s not Λ:
Proposal 1: 

It’s some kind of fluid/field/energy that behaves like Λ, i.e. 

has negative pressure and evolves with time; call it 

Dark Energy
E.g. Quintessence or minimally coupled scalar field:

Similar to inflatonFine-tuning problem



The Revenge



Encyclopædia Inflationaris 
Martin et al 2013



Encyclopædia Inflationaris 
Martin et al 2013



30

Inflation and dark energy
“α-attractors”



30

Inflation and dark energy
“α-attractors”

Escher disks 
from supergravity

Kallosh, Linde et al.



30

Inflation and dark energy
“α-attractors”

Ferrara and Kallosh 2017

Escher disks 
from supergravity

Kallosh, Linde et al.



30

Inflation and dark energy
“α-attractors”

Escher disks 
from supergravity

Kallosh, Linde et al.



Dimopoulos and Owen 2017
30

Inflation and dark energy
“α-attractors”

Escher disks 
from supergravity

Kallosh, Linde et al.





“Once we accept our 
limits, we go beyond 

them.” 
Albert Einstein

Gravity Beyond Einstein



Standard gravity seems to be working very well!



L =
Standard Model of Particle Physics General Relativity

Minimal 
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L =
Standard Model of Particle Physics General Relativity

Minimal 
Coupling

Strong motivation 

needed to modify this!
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WHY modify gravity?

Theoretical problems/dissatisfaction

1. Quantum gravity ➔ UV modification
2. Cosmological Constant, dark energy, dark matter ➔ IR 

modification (maybe UV)
3. Curiosity

GR must be tested everywhere
because

“Gravity is everywhere!”



Kapner et al 2006



CMBBBN DE

DE

We know so little about the evolution of the Universe



HOW?
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Modify GR Modify/drop 
assumptions
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those of the Einstein field equations, with a cosmological 
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What is GR?
“Had it not been for Einstein's intuition and years of hard work, general relativity would likely 
have been discovered anyway, but its discovery may have had to wait several more decades, 
until developments in field theory in the 1940's and 50’s primed the culture. But in this 
hypothetical world without Einstein, the path of discovery would likely have been very 
different, and in many ways more logical.” 

Kurt Hinterbichler 2011

“This path is straightforward, starting from the principles of special relativity (Lorentz 
invariance), to the classification of particles and fields that describe them, and finally to their 
possible interactions. The path Einstein followed, on the other hand, is a leap of insight and 
has logical gaps; the equivalence principle and general coordinate invariance, though they 
suggest GR, do not lead uniquely to GR.” 

Kurt Hinterbichler 2011

GR is the unique theory of massless, spin-2 particles (if we include 
self interactions).

Modern view:
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Various 
ways of 

modifying 
GR

Add degrees 
of freedom

❖ Scalar 
Horndeski & beyond 

❖ Vector 

❖ Tensor 
multi-metric / massive 
gravity

Higher 
dimensions

Nonlocal 
theories

Give mass to 
graviton

Break Lorentz 
invariance …

Higher order
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- Consistency 
- Motivation 
- Simplicity
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The magic of Lagrangian
Variation

Two laws of constructing Lagrangians: 

A) Form a scalar ==> Equations are covariant 
B) No explicit function of coordinates ===> Equations are conserved

Random example:



Models of DE in the past

Cosmological constant, DE with w=const, DE with w=w(z), 
quintessence, scalar-tensor model, coupled quintessence, k-essence, 
f(R), Gauss-Bonnet, Galileons, KGB

(Luca Amendola)



Courtesy of Miguel Zumalacárregui 

The Horndeski Lagrangian



The Ostrogradski Theorem
Higher-than-second order equations of motion are unstable: 

The Hamiltonian contains a term linear in a canonical momentum: 

Energy states are bounded from below! 
Woodard 2006



Caveats:



Caveats:
A)The dangerous term in the Hamiltonian can be absent in 

special degenerate cases 
B)The instability can manifest itself on very large time-

scales 
C)The proof assumes locality
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Tensor-Tensor (bimetric) and 
Massive Gravity

- Conceptually simple modification: 
     give the graviton a small mass

• This leads naturally to a theory with two metrics

- Also: field theory motivation: 
  how to construct interacting spin-2 fields?
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A Brief History of Massive Gravity
1939: Fierz and Pauli develop linear theory

1970s: Various problems discovered beyond linear order 
Ghost!! Boulware-Deser 

Discontinuity in limit m=0 van Dam-Veltman-Zakharov 

Funny nonlinear effects Vainshtein

2010-11: Loophole found! 
Nonlinear massive gravity finally constructed de Rham-
Gabadadze-Tolley (dRGT) 

Proved to be ghost-free Hassan-Rosen (and Schmidt-May)

Courtesy of Adam Solomon 



Bigravity in a nutshell
The action for bigravity is  
 
 

V: interaction potential built out of the matrix  
m: interaction scale/”graviton mass” 
Mpl, Mf: Planck masses for gµν and fµν 

gµν: physical (spacetime) metric; fµν: modifies gravity

Courtesy of Adam Solomon 



Three things to keep in mind… 

1. V has restricted form to avoid ghosts  
de Rham, Gabadadze, and Tolley 
Hassan and Rosen 

2. Self-acceleration requires m ~ H0 ~ 10-33 eV 

3. Diffeomorphism invariance broken by g-1f 
Recovered when m=0 
Small m – protected from quantum corrections 
(Contrast this with Λ!)

Courtesy of Adam Solomon 



For a matrix X, the elementary symmetric polynomials are ([] = trace)

Cosmological constant for gµν
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Courtesy of Adam Solomon 



For a matrix X, the elementary symmetric polynomials are ([] = trace)

Cosmological constant for gµν

Cosmological constant for fµν

Much more natural 
and elegant in 
vielbein language!

Courtesy of Adam Solomon 
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Deser and Woodard 2007

Maggiore and Mancarella 2014

Vardanyan, YA, Amendola and Silvestri 2017

Nonlocal gravity

-- Naturally expected to appear in effective theories describing low-energy physics. 
-- E.g. they appear generically when massless or light dof are integrated out of a local 
fundamental theory

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, G. Gabadadze 2002



Most general action quadratic in the curvature invariants:

Conformal anomaly, in which quantum effects break the conformal symmetry of 
massless fields coupled to gravity:

Tensorial nonlocal terms contribute a rapidly-growing energy density, and therefore 
generically do not have a stable cosmological evolution.

Tensorial nonlocal terms
H. Nersisyan, YA, L. Amendola, T. S. Koivisto, J. Rubio, A. R. Solomon 2016
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No ghost please!
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A spectre is haunting the cosmos:  
Quantum stability of massive gravity with ghosts

[arXiv:1605.08757]

Ghosts can 
be OK, as 
long as we 
break 
Lorentz 
Invariance at 
some scale.

LB cutoff scale can be much larger than the strong coupling scale 
of the EFT.



Ghosts are nasty, we should catch them and 
kill them, otherwise they will kill us. 

   



A spectre is haunting Europe—the spectre of communism. 
     

Opening sentence of the Manifesto

Ghosts are nasty, we should catch them and 
kill them, otherwise they will kill us. 

   



End of Part 1


