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Effective	field	theory
• Loosely speaking the idea is to integrate out degrees of freedom that are 

irrelevant at the energy at which we do physics.

• Typical example:  Quantum Chromodynamics (QCD): at energies above the 
confinement scale or some 250 MeV we deal with quarks, while below we have 
bound states of quarks: e.g. mesons.

• We can build an effective field theory by considering a theory of mesons (Chiral 
Perturbation Theory) which is an effective field theory for QCD.

• The same mathematical techniques can be applied to quantum gravity.

• It is not necessary to know the fundamental theory to write down the 
corresponding effective field theory: we need to know 

– the symmetries of the problem
– the field content at low energy
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standard 
model

mH≈125 GeV
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Why quantize gravity? Because we have to as other forces of
nature are quantized!



When does gravity become comparable in strength to other forces?

N.B.: This is the 
standard picture.
I will show you
that the Planck
mass 
i.e.  1019 GeV
could be much
smaller!

A grand unification? 
Is there actually only 
one fundamental interaction?

The Planck mass
is the energy scale
at which quantum
gravitational effects
become important.5



Effective action for GR 
• How can we describe general relativity quantum mechanically?

• Well known issues with linearized GR: it is not renormalizable.

• This is the reason d’être of string theory, loop quantum gravity etc…

• How much can we understand using QFT techniques?

• We have good reasons to think that length scales smaller than the 
Planck scale are not observables due to the formation of small black 
holes.

• Effective field theories might be all we need to discuss physics at 
least up to the Planck scale.
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• The goal is to try to make the link with observables.

• Or at least with with thought experiments. 

• It is very conservative.

• What can we learn using techniques we actually understand 
well, and which are compatible with nature as we know it: 
standard model and GR.
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• I am going to assume general covariance (diffeomorphism
invariance)

• Quantum gravity has only 2 dofs namely the massless 
graviton (which has 2 helicity states).

• We know the particle content of the “matter theory” (SM, 
GUT, inflation etc).

• We can write down an effective action for quantum gravity.
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• This program was started by Feynman in the 60’s using 
linearized GR.

• Try to find/calculate observables

• Try to find consistency conditions which could guide us on 
our path towards a quantization of GR.
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Einstein’s	equations

10

The	Ricci	scalar	R	and	tensor	Rμν contain	two	derivatives	of	the	metric.

They	thus	have	mass	dimension	2,	this	is	important	to	organize	the	effective	field	theory.

G	is	Newton’s	constant,	it	is	related	to	the	Planck	mass.

Tμν is	the	energy-momentum	tensor:	this	is	your	particle	physics	model.

It	can	be	derived	from	the	Hilbert-Einstein	action:

12/12/2016, 10(38The Advent Calendar of Physics: Einsteinʼs Gravity – Uncertain Principles
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it was the first equation we had seen that wasn’t completely correct. Having done our quick swing through
quantum physics, the time has come to correct that equation:

If you say “Einstein equation” to a random person on the street, odds are they’ll immediatley think of
“E=mc2.” If you ask a physicist to think of the Einstein equation, though, this is the one they’ll think of. This
is the Einstein field equation from general relativity, and while it’s not as well known as E=mc2, it’s
considered a far greater achievement within the field.

As explained in APS News, it also appears under the opening credits in the 2003 animated film The Triplets of
Belleville, thanks to the friendship between the director and a physicist in Quebec. So it’s artistically
significant as well as important for physics.

It’s also the most horrendously complicated of all the equations we’ve seen.

It may not necessarily look it, but those Greek-letter subscripts are a dead giveaway. The symbols here don’t
just stand for numbers, they represent tensors, which can loosely be thought of as 4×4 grids of numbers, with
their own special rules for multiplication and division. This is really a compact way of representing ten
different equations that need to be solved simultaneously to make any predictions.

We’re not really going to explain all that on a blog, so what are these about on a conceptual level? The whole
business of general relativity was rather pithily summed up by the late, great John Archibald Wheeler (a man
with a real gift for pithily summing things up) as “Matter tells space how to curve, space tells matter how to
move.” The right-hand side of this equation describes the matter in some region of space (though the “stress-
energy tensor” T), and the left-hand side describes the resulting curvature of spacetime. Any matter in the
vicinity will move along geodesic curves through this curved spacetime, which are not necessarily straight
lines in space. As a result, to an observer watching a bit of matter moving around, it will appear to experience
a force. The force in this case is gravity, and the one symbol in this equation that actually stands for a plain
old number is G, which is the same gravitational constant from Newton’s equation all that time ago.

The business of general relativity involves solving this equation (or, really, these equations) for the “metric
tensor” gμν. This is the thing that tells you how to combine space and time measurements to form a spacetime
distance between two points, according to an observer near one of those points, and it’s so central that
Richard Feynman once found his way to a conference by telling a cab dispatcher to take him to the same
place as a bunch of distracted guys wandering around saying “g-mu-nu, g-mu-nu” over and over.

What does this tell us? It tells us that the presence of matter causes a change in the way you measure distance
and time, depending on where you are relative to a massive object. This means what one observer sees as
some distance in space will appear to another observer at a distant position to be a mixture of distance in both
space and time. An observer sitting close to a massive object– on the surface of the Earth, say– will see time
passing at a different rate than an observer who is farther away– on a satellite in orbit, say. And a length
measured by an observer close to a massive object will not agree with the same distance measured by an
observer farther away.

12/12/2016, 15)41Einstein–Hilbert action - Wikipedia
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Einstein–Hilbert action
From Wikipedia, the free encyclopedia

The Einstein–Hilbert action (also referred to as Hilbert action) in general relativity is the action that yields
the Einstein field equations through the principle of least action. With the (− + + +) metric signature, the
gravitational part of the action is given as[1]

where  is the determinant of the metric tensor matrix,  is the Ricci scalar, and  is
Einstein's constant (  is the gravitational constant and  is the speed of light in vacuum). The integral is
taken over the whole spacetime if it converges. If it does not converge,  is no longer well-defined, but a
modified definition where one integrates over arbitrarily large, relatively compact domains, still yields the
Einstein equation as the Euler–Lagrange equation of the Einstein–Hilbert action.

The action was first proposed by David Hilbert in 1915.

Contents
1 Discussion
2 Derivation of Einstein's field equations

2.1 Variation of the Riemann tensor, the Ricci tensor, and the Ricci scalar
2.2 Variation of the determinant
2.3 Equation of motion

3 Cosmological constant
4 See also
5 Notes
6 Bibliography

Discussion
The derivation of equations from an action has several advantages. First of all, it allows for easy unification
of general relativity with other classical field theories (such as Maxwell theory), which are also formulated in
terms of an action. In the process the derivation from an action identifies a natural candidate for the source
term coupling the metric to matter fields. Moreover, the action allows for the easy identification of conserved
quantities through Noether's theorem by studying symmetries of the action.

In general relativity, the action is usually assumed to be a functional of the metric (and matter fields), and the
connection is given by the Levi-Civita connection. The Palatini formulation of general relativity assumes the
metric and connection to be independent, and varies with respect to both independently, which makes it
possible to include fermionic matter fields with non-integral spin.
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Matter coupling to gravity is described by general relativity:

Linearized general relativity can be regarded as an 
effective field theory valid up to the reduced Planck mass

Perturbative linearized general relativity

The theory is non-renormalizable, but as we shall see 
some predictions are still possible.



Effective	action	for	quantum	gravity
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The	Hilbert-Einstein	action

receives	corrections	from	quantum	gravity,	integrating	out	fluctuations	of	the	graviton	(and
other	matter	fields	depending	on	the	energy	under	consideration),
one	obtains:

of the ultra-violet theory. It is sufficient to specify the symmetries of the theory below the

Planck mass and the field content. Furthermore, some of the Wilson coefficients of EQG are

calculable given this input while the remaining must be measured in experiments as we do

not have the full ultra-violet theory to match these Wilson coefficients to the fundamental

theory.

Assuming general coordinate invariance below the Planck scale, the effective field theory

describing the dynamics for the metric gµν ( which is a massless spin-2 field), a cosmological

constant ΛC and the standard model of particle physics LSM (including the Higgs doublet

H ) is given by

S =

∫

d4x
√
−g

[(

1

2
M2 + ξH†H

)

R− Λ4
C + c1R2 + c2RµνRµν + c4!R

+b1R log
!

µ2
1

R+ b2Rµν log
!

µ2
2

Rµν + b3Rµνρσ log
!

µ2
3

Rµνρσ +O(M−2
⋆ ) + LSM

]

, (1)

where R, Rµν and Rµνρσ are respectively the Ricci scalar, Ricci tensor and Riemann tensor

and µi are renormalization scales. Note that each of these structures are functions of the met-

ric and they contain second order derivatives. The effective action can be seen as a derivative

expansion, in full analogy to chiral perturbation theory in quantum chromodynamics. It is

obtained by integrating out the graviton and massless matter fields (see e.g. [16]). The calcu-

lation is done at the one-loop level in perturbation theory using dimensional regularization,

the divergencies of the diagrams giving rise to the non-local terms of the type R log!R are

absorbed in the corresponding local terms R2 and RµνRµν . In the following, we drop the

total derivative !R as it does not affect the equations of motion. Note that the Riemann

tensor squared term RµναβRµναβ can be eliminated using the Gauss-Bonnet identity: this

cannot be done though for the corresponding non-local term. It is worth emphasizing that

the effective action could be constrained further if we imposed new symmetries such as con-

formal invariance, see e.g. [17,18], here we choose to stick to Einstein’s formulation of gravity

as the leading order term of our effective action. We shall now describe the parameters of

this effective action and describe its dynamical content.

2 The parameters of the effective action and its dy-

namical content

The effective action contains both dimensionful and dimensionless parameters. The most

familiar one is certainly the reduced Planck scale MP which is given by

M2
P = (M2 + ξv2) , (2)
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The	non-local	part	of	the	EFT
• The Wilson coefficients of the non-local operators are universal 

predictions of quantum gravity:

• The Wilson coefficients of the local operators on the other hand are not
calculable: this the price to pay. 13

8

α β γ ᾱ β̄ γ̄
Scalar 5(6ξ − 1)2 −2 2 5(6ξ − 1)2 3 −1
Fermion −5 8 7 0 18 −11
Vector −50 176 −26 0 36 −62

Graviton 430 −1444 424 90 126 298

TABLE I: Coefficients of different fields. All numbers should be divided by 11520π2.

The coefficient a2(x) is known for scalars, fermions and photons [5, 24]

aS2 (x) =
1

180

(
5

2
R2 −RµνR

µν +RµναβR
µναβ

)
(51)

aF2 (x) =
1

360

(
−5R2 + 8RµνR

µν + 7RµναβR
µναβ

)
(52)

aV2 (x) =
−1

180

(
20R2 − 86RµνR

µν + 11RµναβR
µναβ

)
. (53)

Here, the result for fermions assumes a four-component spinor field. The result for the massless vector field also
includes the ghost contribution, which is twice the scalar field result with an appropriate minus sign. Finally, the
classic paper by ’t Hooft and Veltman [25] gave the result for gravitons only after using the Gauss-Bonnet relation,
but the general result has since been calculated, see e.g. [26]. This enables us to read off the result for gravitons
which also includes the ghost contribution

aG2 (x) =
215

180
R2 −

361

90
RµνR

µν +
53

45
RµναβR

µναβ . (54)

In table (I), we collect the coefficients of different fields.
The results are shown for a scalar with a coupling ξRφ2 and the parameter ξ enters the α couplings

α = ᾱ =
(6ξ − 1)2

2304π2
(55)

with β, γ, β̄, γ̄ independent of ξ. Unless stated otherwise, our results are presented for a minimally coupled scalar
(ξ = 0), while a conformally coupled scalar has ξ = 1/6. For conformally invariant fields the coefficient ᾱ will
vanish. Because the FLRW metric is conformally flat, the coupling β̄ does not contribute to our analysis as mentioned
previously. This leaves only the coefficient γ̄ as the active parameter. For NS scalars, Nf fermions and NV gauge
bosons, this coupling has the value

γ̄ = −
1

11520π2
[NS + 11Nf + 62NV ] . (56)

Note that all conformally invariant matter fields carry the same sign of γ̄ and will have similar effects, differing just
in magnitude. Moreover, this case is independent of the parameter µ because the Gauss-Bonnet non-local term (the
one proportional to γ̄) has no local contribution to the equations of motion.
Finally, we can also add up the contributions of all the SM particles (plus the graviton) to find effective SM

coefficients which are calculated as follows

αSM = NSαS +NlαF +NcNqαF +NV αV + αG (57)

and likewise for β and γ. Here, we have broken the fermion contribution up into quark and lepton terms Nf =
Nl +NcNq where Nl is the number of leptons, Nq and Nc are the numbers of quarks and colors respectively. For the
standard model with a minimally coupled Higgs, these numbers read

NS = 4, Nl = 6, Nc = 3, Nq = 6, NV = 12 . (58)

Hence, for this case we find

αSM =
−7

1152π2
, βSM =

287

1440π2
, γSM =

−17

1440π2
(59)
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we can write the action in explicitly non-local form

SNL =

∫
d4x

∫
d4y

√
g(x)

1/2
R(x)L(x, y;µ)

√
g(y)

1/2
R(y) . (44)

Again, we note that the logµ dependence in these equations corresponds to a local effect. Here, we see that replacing
the covariant d’Alembertian in Eqn. (44) by its Minkowski couterpart yields the first term in Eqn. (24).

There are three terms in the general non-local Lagrangian. Reverting temporarily to quasi-local form, these can be
written as

SQL =

∫
d4x

√
g

(

αR log

(
✷

µ2
α

)
R+ βRµν log

(
✷

µ2
β

)

Rµν + γRµναβ log

(
✷

µ2
γ

)
Rµναβ

)

(45)

where α,β, γ are numerical coefficients which we will display below. We allow for the possibility that the renormal-
ization scales are different for the three terms as the coupling constants of the local Lagrangian could be measured
at different scales. For local terms, there are only two quadratic invariants to be considered due to the Gauss-Bonnet
identity which holds strictly in four dimensions

∫
d4x

√
g RµναβR

µναβ =

∫
d4x

√
g [4RµνR

µν −R2] + total derivative . (46)

While Eqn. (45) is simple and easy to apply, an alternate form reveals some interesting physics. For this form we
employ the Weyl tensor in four dimensions

Cµναβ = Rµναβ −
1

2
(gµαRνβ + gµβRνα + gναRµβ − gνβRµα) +

1

6
R (gµαgνβ − gµβgνα) (47)

to rewrite

SQL =

∫
d4x

√
g
[
ᾱR log

(
✷

µ2
1

)
R+ β̄Cµναβ log

(
✷

µ2
2

)
Cµναβ + γ̄

(
Rµναβ log (✷)R

µναβ − 4Rµν log (✷)R
µν

+R log (✷)R
)]

. (48)

This form has several theoretical advantages. Here the last term, similar in structure to the Gauss-Bonnet term, does
not have any µ dependence because its local form does not contribute to the equations of motion. The FLRW metric
that we use below is conformally flat and thus its Weyl tensor vanishes. Thus the second term will not contribute
to our cosmological application. In turn this tells us that the cosmology study dependence on local short distance
physics comes through the first term only, and there is only one parameter µ1 ≡ µ which describes this local term.
In addition this first term is not generated by conformally invariant field theories (fermions, photons and conformally
coupled scalars) and their quantum effects will be purely non-local. The coefficients in these two different bases are
related by

α = ᾱ+
β̄

3
+ γ̄, β = −2β̄ − 4γ̄, γ = β̄ + γ̄ . (49)

We can identify the coefficients in the non-local Lagrangian because the logarithms are tied to the divergences
in the one-loop effective action, as shown by the perturbative calculation. The latter have been calculated in the
background field method, and results are known before the Gauss-Bonnet identity has been applied1. For example,
the divergent effective Lagrangian for a massless field reads

Ldiv =
√
|g|

a2(x)

16π2 ϵ
. (50)

1 This background field method resolves the problem of identifying the complete form of the non-linear completion that we had in
discussing Eq. (24).

NB:	they	are	calculated	using
dim-reg.

(see	e.g.	Birrell and	Davies,	Quantum	Fields	in	Curved	Space-Time,
more	recently	Donoghue	et	al.)



Green’s	function
• Varying with respect to the metric one obtains the 2-point function

• It is clear that it has more than one pole. Setting c2=0 for a moment:

• Complex poles: EQG breaks down and potentially well below the Planck scale.
• Sign of strong dynamics kicking in.
• Plays an important role in unitarizing perturbative amplitudes in the large N (self-

healing)
14
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Appendix A. Gravitational action and propagator

As shown in [22], the resummed propagator (1) can be seen as coming from the variation
with respect of the metric field gµ⌫ of the linearized version of the e↵ective action

S =

Z
d4x

p
�g


m̄2

P

2
R+ c1 R2 + c2 Rµ⌫ Rµ⌫

+b1 R log

✓⇤
µ2

◆
R+ b2 Rµ⌫ log

✓⇤
µ2

◆
Rµ⌫ + b3 Rµ⌫⇢� log

✓⇤
µ2

◆
Rµ⌫⇢�

�
, (A.1)

where R, Rµ⌫ and Rµ⌫⇢� are respectively the Ricci scalar, Ricci tensor and Riemann tensor
and m̄P is the reduced Planck mass. The Wilson coe�cients c1 and c2 are arbitrary within
the e↵ective field theory approach, and should be fixed by comparing with experimental
data. On the other hand b1, b2 and b3 are calculable from first principles and related to N .

The resulting complete propagator for the graviton then contains the function
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. (A.2)

Clearly the position of the poles of (A.2) will depend on the value of c2, which is arbitrary. For
the self-healing mechanism to work, c2 = c2(µ) should be suppressed by 1/N in comparison
to the coe�cients bi [23]. Let us also stress that Eq. (A.2) can be formally rewritten in the
same form as Eq. (1), namely

G�1(p2) = 2 p2

1� N p2
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so that the analytic structure does not change and our analysis still applies.
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Poles and Quantum Black Holes?
• It is tempting to interpret these poles as black hole precursors. 

• In the SM

• We thus find

• using

• The first one corresponds to a state with mass 

and width 

• Note that the 2nd pole has the wrong sign for particle between the mass and 
the width. 15



• Remember that the 2nd pole has the wrong sign between the mass and 
width terms for a particle: it is a ghost.

• Acausal effects: connection to black hole information paradox? Could be 
canceled by e.g. Lee and Wick’s mechanism.

• Acausal effects can be replaced by non local effects

by reinterpreting the log term (the non-local function can be calculated 
using the Green’s function of the box operator).

• Can these effects soften singularities?
16

Acausal versus nonlocal effects



Study of the EFT
Let me linearize the EFT

with the projectors:

17
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to leading order in κ2. As mentioned before, the effective action contains, besides the usual

massless graviton (first term in Eq. (8)), a massive spin 2 particle (second term in Eq. (8))
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• To identify the field content of the EFT, let’s calculate the Green’s 
function expectation value between two conserved sources

• where

• We see that:
– the 1st term corresponds to a massless spin-2 field: the “classical” graviton
– the 2nd term corresponds to a massive spin-2 field with an overall minus sign (ghost)

– the 3rd term corresponds to a massive spin-0 field 

• Note that this extends the classical result of Stelle.
• It is crucial to realize that these are classical fields. 18
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where v = 246 GeV is the Higgs boson’s expectation value and ξ is the non-minimal coupling

of the Higgs boson. The non-minimal coupling is a free parameter unless conformal invariance

is imposed. Measurements of the properties of the Higgs boson imply that |ξ| > 2.6 × 1015

is excluded at the 95% C.L. [19]. M is the coefficient of the Ricci scalar. It has mass

dimension 2. The scale M⋆ is the scale up to which we can trust the effective field theory.

It is traditionally identified with MP but this needs not to be the case. Direct searches for

strong gravitational effects at colliders in the form of quantum black holes [20] lead to a

bound on M⋆ of the order of 9 TeV, see e.g. [21]. The renormalization scales µi could, in

principle, be different for the three non-local operators, but we will assume that µi = µ.

It seems reasonable to take it of the order of M⋆ as this is the energy scale at which the

effective theory needs to be matched to the underlying theory of quantum gravity.

While the Wilson coefficients of the local operators R2 and RµνRµν are not calculable

within the effective field theory approach, the Wilson coefficients bi of the non-local operators

are calculable from first principles and are truly model independent predictions of quantum

gravity. Their values are reproduced in Table 1. The effective action can be linearized around

b1 b2 b3

real scalar 5(6ξ − 1)2/(11520π2) −2/(11520π2) 2/(11520π2)

Dirac spinor −5/(11520π2) 8/(11520π2) 7/(11520π2)

vector −50/(11520π2) 176/(11520π2) −26/(11520π2)

graviton 430/(11520π2) −1444/(11520π2) 424/(11520π2)

Table 1: Calculable Wilson coefficients, see e.g. [16] where they are calculated using dim-reg.

These results match the classical ones published in [22] where they are calculated using the

conformal anomaly method.

flat space-time. One obtains
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where we used the harmonic gauge ( ∂νhµν = 1
2∂

µh) and κ2 = 32πG. It is straightforward

to see that the effective action contains two new degrees of freedom besides the massless

spin-2 “classical” graviton (the “quantum graviton” has been integrated out of the effective

action). We have a massive spin-2 field and a massive scalar field. The linearized effective

3
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5 .

Naively, kµ⌫ appears to be a ghost, we will however argue that it is to be since as a massive

spin-2 field that couples with a negative coupling constant MP to matter. The masses of

fields can be identified by studying the poles of this expression. The massive modes appear

as pairs of complex poles in the propagator. A careful reader will have noticed the minus

sign in front of the massive spin-2 mode. This is the well known ghost due to the the term

Rµ⌫R
µ⌫ . However, the corresponding state is purely classical and it does not lead to any

obvious pathology. The is simply a repulsive classical force. We will show that the emission

of this massive spin-2 wave leads to the production of wave with positive energy. This state

simply e↵ectively couples with a negative Newton’s constant to matter. It is crucial to

appreciate that this mode is purely classical and should not be quantized as it is obtained

by integrating out the quantum fluctuations of the graviton from the original action.

Using Eq.(2), it is straightforward to calculate the leading second order in curvature

quantum gravitational corrections to Newton’s potential of a point mass m. We find:
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where W (x) is the Lambert function. This e↵ective Newtonian potential is a generalization

of Stelle’s classical result [3], it includes the non-local operators as well as the local ones and

thus contains all the quantum gravitational corrections at second order in curvature. As

emphasized already, the masses correspond to pairs of complex poles in the green’s functions

of the massive spin-2 k
µ⌫ and spin-0 � states. The masses may be complex depending on

the values of the parameters ci, bi and µ, in other words they may contain a width. The
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fields can be identified by studying the poles of this expression. The massive modes appear

as pairs of complex poles in the propagator. A careful reader will have noticed the minus

sign in front of the massive spin-2 mode. This is the well known ghost due to the the term

Rµ⌫R
µ⌫ . However, the corresponding state is purely classical and it does not lead to any

obvious pathology. The is simply a repulsive classical force. We will show that the emission

of this massive spin-2 wave leads to the production of wave with positive energy. This state

simply e↵ectively couples with a negative Newton’s constant to matter. It is crucial to

appreciate that this mode is purely classical and should not be quantized as it is obtained

by integrating out the quantum fluctuations of the graviton from the original action.

Using Eq.(2), it is straightforward to calculate the leading second order in curvature

quantum gravitational corrections to Newton’s potential of a point mass m. We find:

�(r) = �
Gm

r

✓
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1

3
e
�Re(m0)r �

4

3
e
�Re(m2)r

◆
(3)

where the masses are given by

m
2
2 =

2

(b2 + 4b3)2W

✓
�

2 exp
c2

(b2+4b3)

(b2+4b3)2µ2

◆ , (4)

m
2
0 =

1

(3b1 + b2 + b3)2W

✓
�

exp
3c1+c2

(3b1+b2+b3)

(3b1+b2+b3)2µ2

◆ , (5)

where W (x) is the Lambert function. This e↵ective Newtonian potential is a generalization

of Stelle’s classical result [3], it includes the non-local operators as well as the local ones and

thus contains all the quantum gravitational corrections at second order in curvature. As

emphasized already, the masses correspond to pairs of complex poles in the green’s functions

of the massive spin-2 k
µ⌫ and spin-0 � states. The masses may be complex depending on

the values of the parameters ci, bi and µ, in other words they may contain a width. The
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Universal features of quantum gravity
Using EFT techniques, we have identified universal (model 
independent) features of quantum gravity:

– The scale of quantum gravity is dynamical, 

it depends on the number of fields in the theory.

– Strong interactions kick in at this energy scale.

– Space-time becomes non-local.

– There are three classical fields in the low energy regime of 
quantum gravity. 19

renormalization scale needs to be adjusted to match the number of particles included in the

model. Indeed, to a good approximation the real part of the complex pole is of the order of

|Re q2| ∼
√

120π

NGN

(5)

which corresponds to the energy scale M⋆ at which the effective theory breaks down. Indeed,

the complex pole will lead to acausal effects and it is thus a signal of strong quantum

gravitational effects which cannot be described within the realm of the effective theory. We

should thus pick our renormalization scale µ of the order of M⋆ ∼ |Re q2|. We have

q2
2
≈ ±

1

GNN

120π

W (−1)
≈ ∓(0.17 + 0.71 i)

120π

GNN
, (6)

and we thus find the mass of the complex pole:

m2 = (0.53− 0.67 i)

√

120π

GNN
. (7)

As emphasized before, the mass of this object depends on the number of fields in the theory.

The corresponding wave has a frequency:
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The imaginary part of the complex pole will lead to a damping of the component of the grav-

itational wave corresponding to that mode. The complex poles are gravitationally coupled to

matter, we must thus assume that the massive modes are produced at the same rate as the

usual massless graviton mode if this is allowed kinematically. During an astrophysical event

leading to gravitational waves, some of the energy will be emitted into these massive modes

which will decay rather quickly because of their large decay width. The possible damping

of the gravitational wave implies that care should be taken when relating the energy of the

gravitational wave observed on earth to that of the astrophysical event as some of this energy

could have been dissipated away as the wave travels towards earth.

The idea that gravitational waves could experience some damping has been considered

before [10], however it is well known that the graviton cannot split into many gravitons,
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Lagrangian for	low	energy	physics
• It	is	easy	to	work	out	the	coupling	of	the	classical	degrees	of	

freedom

20

imaginary contributions, however, vanish when adding up the contributions of these states

to the Newtonian potential. It is straightforward to show that Stelle’s classical result is

recovered in the limit of bi = 0.

It is easy to work out the coupling of kµ⌫ and � to matter. We find
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This result shows that quantum gravity, whatever the underlying ultra-violet theory might

be, has at least three classical degrees of freedom in its low energy spectrum. The massless

mode has recently been directly observed in the form of gravitational waves. While there was

little doubt about their existence since the discovery of the first binary pulsar in 1974, the

direct observation by the LIGO and Virgo collaborations [4–6] erased any possible remaining

doubt. While the massless mode a↵ects the distance between two points, and thus the

geometry, the massive modes are of the 5th force type and they do not a↵ect the geometry

of space-time. The strength of the interaction between the new massive modes and matter

is fixed by the gravitational coupling constant. It is crucial to appreciate that the fields

h
µ⌫ , kµ⌫ and � are purely classical degrees of freedom. This is why the overall negative sign

of the kinetic term of kµ⌫ is not an issue, it simply implies that this field couples with a

negative sign to matter. We shall demonstrate that the corresponding massive spin-2 wave

produced in binary inspiral does not violate energy conservation. Note that while kµ⌫ couples

universally to matter, � does not couple to massless vector fields [7, 8].

The fact that these fields are purely classical has some interesting consequences if one

tries to interpret the massive modes as dark matter candidates or the inflaton in the case

of the scalar field. If the massive modes constitute all of dark matter, dark matter would

be purely classical and an emergent phenomenon. If one tries to explains inflation using the

scalar field as the inflaton à la Starobinsky, then this field could not be at the origin of the

primordial perturbation as it is purely classical. It could be at the origin of the primordial

exponential expansion of our universe but a new particle, for example the Higgs boson of

the standard model, would have to generate the density perturbation. Again inflation could

be an emergent phenomenon.

We now turn our attention to the experimental bounds on the masses of the two heavy

states. Newton’s potential with its quantum gravitational corrections can be probed with

4



• This can also be done without linearizing the theory by going to the 
Einstein frame:

• We see that the “classical” graviton plays the role of the metric and 
determines the geometry. 

• It couples in a universal manner to matter as usual (this is just GR).

• The massive classical fields are not gravitational fields in the sense that 
they do not affect the invariant length or geometry.

• The coupling of the massive spin-2 object to matter is universal while 
that of the massive spin-0 is not: it does not couple to massless vector 
fields as it couples to the trace of the energy-momentum tensor.

21

canonical spin-2 field. Thus, we managed to find a spin-2 field, even though it does not

appear canonically in the Lagrangian.

To canonically normalize the field π̃µν , we need to perform another transformation on

the metric. We start by writing the Lagrangian (11) in the form

S =
1

2κ2

∫

d4x
√

−g̃

{[

(

1 + 1
2 π̃

)

g̃µν − π̃µν

]
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1
4m2

2

(
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µν − π̃2

)

(17)

−3
2

(

∇̃χ
)2

− 3
2m0

2

(

1− e−χ

)2]}

.

To get a canonical Einstein-Hilbert term, we need to redefine the metric as

√
−ḡḡµν =

√

−g̃
[(

1 + 1
2 π̃

)

g̃µν − π̃µν
]

, (18)

which leads to the transformations

ḡµν = (detA)−1/2g̃µλAν
λ (19)

Aν
λ = (1 + 1

2φ)δ
ν
λ − φν

λ. (20)

We have introduced the new notation φν
µ = π̃ν

µ to emphasize that the indices of φµν are raised

and lowered using ḡµν , while the indices of π̃µν were raised and lowered using g̃µν . Therefore,

in the new variables the Lagrangian reads

S =
1

2κ2

∫

d4x
√
−ḡ

[

R̄− 3
2

(

A−1(φστ )
) ν

µ
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(
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ρ
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)

+1
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−1/2 (φµνφ

µν − φ2
)

]

,

where

Cλ
µν = 1

2(g̃
−1)λρ(∇̄µg̃νρ + ∇̄ν g̃µρ − ∇̄ρg̃µν). (22)

Due to the transformation (19), the metric g̃ = g̃(φµν) now depends on the spin-2 field. Thus

the spin-2 kinetic term appears explicitly in the action through Cλ
µν .

In the presence of external matter the argument goes in the same way, except that after

performing the transformations the matter Lagrangian becomes LM(e−χg̃µν(φστ ),φα) and

the action reads

S =
1

2κ2

∫

d4x
√
−ḡ

[

R̄− 3
2

(

A−1(φστ )
) ν

µ
∇̄µχ∇̄νχ− 3

2 (detA(φστ ))
−1/2 (1− e−χ

)2
(23)

−ḡµν
(

Cλ
µρ(φστ )C

ρ
νλ(φστ )− Cλ

µν(φστ )C
ρ
ρλ(φστ )

)

+1
4m2

2 (detA(φστ ))
−1/2 (φµνφ

µν − φ2
)

+ L̄M(e−χg̃µν(φστ ),φα)

]

.
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Classical	fields
• There are some interesting consequences if one tries to interpret these fields 

as dark matter or inflaton: they are classical fields

– Is dark matter an emergent phenomenon?

– R2 inflation: as the scalar field is purely classical it could lead to the expansion of the 
universe but not to the density fluctuations, another field (maybe the Higgs field) 
would be needed

• As we are dealing with a classical field, the fact that the massive spin-2 is a 
ghost is not an obvious problem, it simply means that it couples to matter 
with a negative Planck mass.

• We do not find any sign of instability. 

• As we shall see shortly, the massive spin 2 object simply leads to a repulsive 
force.

22



Eöt-Wash	pendulum	experiment

23

where s is the pendulum-to-attractor separation The torque is
proportional to the derivative !V/!" so that for a given
torque sensitivity and smallest separation smin , we expect the
constraints to have the asymptotic form

log#$%&' !3 log %"smin /%; $69&

and an asymptotic slope on a log(#) vs log(%) plot of

d log#

d log %
#!3!

smin
%

$70&

which is satisfied by our constraints shown in Fig. 34. On the
other hand, for %$d , the cancellation from the lower plate

reduces the signal from the Yukawa force and the constraints
eventually weaken with increasing % .
Our constraints improved upon the previous results shown

in Fig. 1 by a factor of up to (104, and on more recent
results )32,33* shown in Fig. 34 by up to a factor of almost
102. Our experiments are the only tests to date that reach
gravitational sensitivity for length scales less than 500 + m.
In particular, Yukawa interactions with !#!,1 are excluded
at 95% confidence for %,197 + m.

D. Constraints on power-law interactions

We constrained power-law violations of the ISL by fitting
our combined data set with a function that contained the
Newtonian term and a single power-law term. This procedure
was carried out for power-law potentials with k#2, 3, 4, and
5. The results are listed in Table XIV together with con-
straints from previous ISL tests given in Ref. )34*.

E. Constraints on couplings of massive pseudoscalars

Second-order exchange of massive pseudoscalars was
constrained by fitting the combined data set with a function
containing the only the Newtonian and massive pseudoscalar
terms. The results are listed in Table XV.

IX. SOME IMPLICATIONS OF THE RESULTS

A. Extra-dimension scenarios

The most basic constraint from this work is an upper limit
on the maximum size of an extra dimension. If we assume
that one extra dimension is much larger than all the others,

TABLE XIII. 95% confidence level constraints on Yukawa in-
teractions from the combined data set.

% $mm& # !#!

0.010 (!4.7%6.4)&109 1.0&1010

0.025 (!7.4%10.4)&104 1.6&105

0.050 (!2.2%7.9)&102 8.8&102

0.10 (0.2%1.8)&101 1.8&101

0.25 (0.9%4.0)&10!1 4.3&10!1

0.50 (1.0%4.5)&10!2 4.8&10!2

1.00 (0.1%1.1)&10!2 1.1&10!2

1.50 (!1.8%7.2)&10!3 7.9&10!3

2.50 (!5.1%5.9)&10!3 1.0&10!2

5.00 (!7.3%6.7)&10!3 1.3&10!2

10.0 (!0.7%19)&10!3 1.8&10!2

FIG. 34. $Color online& Yukawa constraints from our combined
data set as well as from other work )9–12,32,33*. The area above
the heavy curves is excluded at the 95% confidence level. Predicted
ISL violating effects from ‘‘extra dimensions’’ )1*, from dilaton
)15*, moduli )16* and radion )18* exchange, and from a conjectured
solution )4* of the cosmological constant $vacuum energy& problem
are shown as fainter lines.

TABLE XIV. 68% confidence constraints on power-law poten-
tials of the form given in Eq. $2& from this work and from previous
work tabulated in Ref. )34*.

k !-k!$this work& !-k!$previous work&

2 3.6&10!3 1.3&10!3 )9*
3 2.8&10!3 1.3&10!2 )9*
4 2.9&10!3 1.3&10!1 )10*
5 2.3&10!3 2.1&10!1 )10*

TABLE XV. 95% confidence upper bounds on !.(%)! where %
#//(mc) and m is the pseudoscalar mass.

% )mm* mc2 )meV* !.(%)!

0.02 9.85 6.2&108

0.05 3.94 2.6&103

0.10 1.97 2.8&101

0.20 0.985 1.24
0.50 0.394 8.7&10!2

1.0 0.197 2.5&10!2

2.0 0.0985 1.1&10!2

3.0 0.0657 8.0&10!3

5.0 0.0394 6.4&10!3

10.0 0.00197 5.5&10!3
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Submillimeter tests of the gravitational inverse-square law
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Motivated by a variety of theories that predict new effects, we tested the gravitational 1/r2 law at separations
between 10.77 mm and 137 # m using two different 10-fold azimuthally symmetric torsion pendulums and
rotating 10-fold symmetric attractors. Our work improves upon other experiments by up to a factor of about
100. We found no deviation from Newtonian physics at the 95% confidence level and interpret these results as
constraints on extensions of the standard model that predict Yukawa or power-law forces. We set a constraint
on the largest single extra dimension !assuming toroidal compactification and that one extra dimension is
significantly larger than all the others" of R*$160 # m, and on two equal-sized large extra dimensions of
R*$130 # m. Yukawa interactions with !%!&1 are ruled out at 95% confidence for '&197 # m. Extra-
dimensions scenarios stabilized by radions are restricted to unification masses M*&3.0 TeV/c2, regardless of
the number of large extra dimensions. We also provide new constraints on power-law potentials V(r)(r!k

with k between 2 and 5 and on the )5 couplings of pseudoscalars with m$10 meV/c2.

DOI: 10.1103/PhysRevD.70.042004 PACS number!s": 04.80.Cc, 04.80.!y

I. INTRODUCTION

A. Background

Until a few years ago, it was widely assumed that the
Newtonian inverse square law !ISL" should be valid for
length scales from infinity to roughly the Planck length RP
"!G*/c3"1.6#10!35 m, at which scale quantum effects
must become important. After all, the usual argument went,
the exponent 2 in the force law simply reflects the fact that
we live in a 3-dimensional world. A wide variety of recent
theoretical speculations, motivated in part by string-theory
considerations, have raised the possibility that fundamentally
new phenomena could occur at length scales below 1 mm.
Many of these speculations are driven by the two so-called
hierarchy problems of gravity:
The gauge hierarchy problem. Gravity is extraordinarily

weak compared to the other fundamental forces. The Planck
mass MP"!*c/G"1.2#1016 TeV/c2 is huge compared to
the electroweak scale MEW+1 TeV/c2. It has been argued
,1- that the true Planck mass, M* , could be as low as
1 TeV/c2 if some of the ‘‘extra’’ space dimensions de-
manded by string-theory are ‘‘large’’ compared to the Planck
length. It is possible that the size of some of the ‘‘large extra
dimensions’’ could be large enough to alter the gravitational
Gauss law, so that gravity would become anomalously strong
in an experimentally accessible regime ,1-.
The cosmological constant problem. The observed gravi-

tating vacuum-energy density is vanishingly small compared
to the predictions of quantum mechanics. The gravitating
energy density .vac+0.7.c , inferred from a wide variety of
astrophysical observations ,2-, is at least 1060 times smaller
than the predicted zero-point energy for a cutoff of MP . The
observed energy density corresponds to a length scale Rvac
"!,4*c/.vac/0.1 mm and an energy of !,4(*c)3.vac
/2 meV that may have fundamental significance ,3-. It has
been suggested that the apparent inability of gravity to ‘‘see’’

the vacuum energy could be explained if the effective theory
of gravity had a cutoff of +1 meV ,4,5-, so that gravity
would effectively ‘‘shut off’’ at length scales less than Rvac .
Experimental tests of the gravitational ISL also probe cer-

tain speculations about non-gravitational physics. The stan-
dard model of particle physics cannot be complete and many
ideas for extending it predict very-low-mass scalar or vector
bosons that could produce short-range exchange forces that
would appear as violations of the ISL !see, for example, an
extensive summary in Ref. ,6-".
The desire to test a basic law in a previously inaccessible,

but very interesting, regime motivated the work we report
here. Some of the work we report in this paper has already
appeared in Letter form ,7-. This paper includes additional
experimental work and an improved analysis; it supercedes
Ref. ,7-.

B. Parametrizations

It is now customary to interpret experimental tests of the
ISL as setting bounds on a possible Yukawa addition to the
familiar 1/r Newtonian potential

V!r ""!G
m1m2

r ,1$%e!r/'- , !1"

where % is a dimensionless strength parameter and ' a
length scale. The Yukawa potential is, of course, the static
limit of the interaction from exchange of a boson of mass
m"*/(c') in which case % is proportional to the squared
product of the appropriate coupling constants. This Yukawa
form is obviously appropriate for the boson-exchange forces
mentioned above. It is also a good approximation to the ef-
fects one expects from large extra dimensions until the sepa-
ration of the interacting bodies becomes comparable to or
smaller than the size of the large extra dimensions ,8-.
The ISL can also be violated by power-law potentials,

which we parametrize as*Currently at Physikalisches Institut, Heidelberg, Germany.
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example Refs. !2,28"#. These efforts to solve the problem fall
into 2 broad classes: attempts to find a mechanism for radi-
cally reducing the quantum mechanical prediction for the
vacuum energy density, or attempts to find a mechanism for
reducing the gravitational coupling to the standard vacuum
energy. The latter attempts are particularly interesting from
the standpoint of this work. Beane !3" argued that in any
local effective quantum field theory, naturalness implies new
gravitational physics at length scales of about a millimeter
that would cut off shorter distance contributions to the
vacuum energy. Sundrum !4" proposed that the graviton is a
‘‘fat’’ object with a size of about Rvac and has been exploring
how this might reduce its coupling to the vacuum energy !5",
although it is not yet clear how self-consistent this is. This
scenario makes a definite prediction that gravity ‘‘shuts off’’
at length scales below about 100 $ m. In the framework of a
Yukawa ISL violation, this corresponds to %!"1 with &
'0.1 mm.

III. APPARATUS

A. General principles

To test the ISL at smaller length scales than had been
studied before, we developed a new torsion-balance instru-
ment, shown schematically in Fig. 2, that used planar test
bodies rather than cylindrical !9" or spherical !10" bodies that
had been employed previously. Our test bodies were the
‘‘missing masses’’ of holes bored into cylindrically sym-
metrical plates. In each of the two first-generation experi-
ments reported here, the active component of the torsion
pendulum was a thin ring containing 10 cylindrical holes
equally spaced around the azimuth, and the pendulum was
suspended above a uniformly rotating, circular attractor disk
containing 10 similar holes. In the absence of the holes, the
disk’s gravity would pull directly down on the ring and could
not twist it. But because of the holes, the ring was twisted by
a torque N(()!")V(()/)( where V(() is the potential
energy of the ring in the field of the disk when the disk’s
holes are displaced by an angle (with respect to those in the

pendulum. This torque oscillated 10 times for every revolu-
tion of the disk. V(() was not a simple sinusoidal function
of ( so that rotating the attractor at frequency * produced
torques at frequencies of 10* and its integer multiples. The
10* , 20* , and 30* torques, N10 , N20 , N30 , were measured
as functions of the vertical separation between the bottom of
the pendulum and the top of the attractor +higher harmonic
twists were greatly attenuated by the inertia of the pendulum
and did not provide useful signals#. By placing the signals at
high multiples of the rotation frequency, * , we reduced
many potential systematic errors. We minimized electrostatic
interactions between the attractor and pendulum by interpos-
ing a stiff conducting membrane between the attractor and
the pendulum and surrounding the pendulum with an almost
complete Faraday cage.
The experiments were turned into approximate null mea-

surements by attaching a second, thicker, disk to the bottom
of each attractor. This disk also had 10 equally-spaced holes
bored into it, but the holes were rotated by 18 degrees com-
pared to those in the upper disk. The dimensions of these
thicker and larger-diameter holes were chosen so that the
10* Newtonian torque on the pendulum from the upper at-
tractor holes was essentially cancelled by the 10* Newton-
ian torque from the lower holes. On the other hand, torques
from a short-range interaction with a length-scale less than
the thickness of the upper attractor disk could not be can-
celled because the lower attractor was too far from the pen-
dulum ring. The 20* and 30* Newtonian torques were re-
duced much less substantially than the Newtonian 10*
torque.
Data were taken at separations ranging from s

!10.77 mm to s!137 $ m, where s is the distance from the
top of the attractor to the bottom of the pendulum. The sig-
natures distinguishing conventional gravity from new short-
range physics were

+1# A characteristic shape of the Newtonian 10* torque
N10
G . The cancellation of N10

G was a strong function of s.
In Experiment I, N10

G was exactly cancelled at s
,2 mm, undercancelled for s#2 mm and overcan-
celled for s$2 mm. On the other hand, for ranges of
interest the Yukawa torque N10

Y was a monotonically de-
creasing function of s. As a result, the exact location of
the zero-crossing was very sensitive to any violation of
the ISL. In Experiment II, the cancellation occurred at
s,3.3 mm.

+2# A relatively high harmonic content of the Newtonian
torque. N20

G and N30
G were comparable to N10

G because N10
G

was highly cancelled while N20
G and N30

G torques were
not. On the other hand, N20

Y and N30
Y will be much less

important than N10
Y .

The predicted Newtonian, Yukawa and power-law torques
are shown as functions of s in Fig. 3.
We inferred the harmonic components of the torque from

the pendulum twist which we measured by reflecting a laser
beam from a mirror attached to the pendulum body. These
measured torques were then compared to calculations of the
expected Newtonian and possible Yukawa and power-law ef-

FIG. 2. +Color online# Torsion pendulums and rotating attractors
used in Experiments I +left# and II +right#. The active components
are shaded. For clarity, we show an unrealistically large vertical
separation between the pendulums and attractors, and omit the con-
ducting membranes and attractor drive mechanisms.

HOYLE et al. PHYSICAL REVIEW D 70, 042004 +2004#

042004-4

C.	D.	Hoyle	et	al.	Phys.	Rev.	D	70,	042004	(2004)	



Quantum	gravity	correction	to	
Newton’s	Law

• We can easily deduce the quantum gravitational corrections to the Newtonian 
potential of a point mass

• Note that the imaginary parts of the masses cancel out.

• There is no contradiction with Donoghue’s result.

• In the absence of accidental fine cancellations between both Yukawa terms, the 
current bounds imply m0 , m2 > (0.03 cm)−1 = 6.6 ×10−13 GeV. 

• Note that the experiment performed by Hoyle et al. is probing separations between 
10.77 mm and 137 μm, a cancelation between the two Yukawa terms on this range 
of scales seems impossible without modifying general relativity with new physics 
to implement a screening mechanism. 
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Naively, kµ⌫ appears to be a ghost, we will however argue that it is to be since as a massive

spin-2 field that couples with a negative coupling constant MP to matter. The masses of

fields can be identified by studying the poles of this expression. The massive modes appear

as pairs of complex poles in the propagator. A careful reader will have noticed the minus

sign in front of the massive spin-2 mode. This is the well known ghost due to the the term

Rµ⌫R
µ⌫ . However, the corresponding state is purely classical and it does not lead to any

obvious pathology. The is simply a repulsive classical force. We will show that the emission

of this massive spin-2 wave leads to the production of wave with positive energy. This state

simply e↵ectively couples with a negative Newton’s constant to matter. It is crucial to

appreciate that this mode is purely classical and should not be quantized as it is obtained

by integrating out the quantum fluctuations of the graviton from the original action.

Using Eq.(2), it is straightforward to calculate the leading second order in curvature

quantum gravitational corrections to Newton’s potential of a point mass m. We find:
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where W (x) is the Lambert function. This e↵ective Newtonian potential is a generalization

of Stelle’s classical result [3], it includes the non-local operators as well as the local ones and

thus contains all the quantum gravitational corrections at second order in curvature. As

emphasized already, the masses correspond to pairs of complex poles in the green’s functions

of the massive spin-2 k
µ⌫ and spin-0 � states. The masses may be complex depending on

the values of the parameters ci, bi and µ, in other words they may contain a width. The
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Gravitational	waves
• The new classical fields could be produced in high energetic astrophysical or 

cosmological events.

• In binary system, only the massive spin-2 can be produced, it has 5 polarizations.  As 
the trace of the energy-momentum tensor is conserved the spin-0 cannot be produced.

• In phase transitions, both the massive spin-0 and spin-2 modes could be produced.

• There are thus three kinds of waves in quantum gravity: the massless gravitational 
waves that have just been observed and massive waves.

• We may have seen a superposition of these modes if the mass of the massive spin-2 
mode is low enough.

• Clearly there is enough energy in a typical merger:

36 M☉+ 29 M☉→ 62M☉+3M☉(gravitational wave)

• 3M☉corresponds to 3×1057 GeV, detailed calculation is in progress.



• The bound on the quantum gravitational corrections to Newton’s potential 
imply that quantum gravity could only impact the final moments of the 
inspiraling of binary of two neutron stars or of two black holes. 

• Their effect will only become relevant at distances shorter than 0.03 cm. 

• The quantum gravitational correction to the orbital frequency of a 
inspiraling binary system is given by

• Using the standard relation between energy and power, we can obtain the 
quantum corrected frequency and quantum corrected amplitude:
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scalar field. If the massive modes constitute all of dark matter, dark matter would be purely

classical and an emergent phenomenon. In that sense dark matter would be fundamentally

di↵erent from regular matter. If one tries to explains inflation using the scalar field as

the inflaton à la Starobinsky, then this field could not be at the origin of the primordial

perturbation as it is purely classical and it thus does not have quantum fluctuations. It

could be at the origin of the primordial exponential expansion of our universe but a new

particle, for example the Higgs boson of the standard model, would have to generate the

density perturbation. Again inflation could be an emergent phenomenon.

We now turn our attention to the experimental bounds on the masses of the two heavy

states. Newton’s potential with its quantum gravitational corrections can be probed with

sub-millimeter tests of the gravitational inverse-square law [25]. In the absence of ac-

cidental fine cancellations between both Yukawa terms, the current bounds imply m0 ,

m2 > (0.03 cm)�1 = 6.6 ⇥ 10�13GeV. Note that the Eöt-Wash experiment performed by

Hoyle et al. [25] is probing separations between 10.77 mm and 137 µm, a cancelation be-

tween the two Yukawa terms on this range of scales seems impossible without modifying

general relativity with new physics to implement a screening mechanism.

The bound on the quantum gravitational corrections to Newton’s potential imply that

quantum gravity could only impact the final moments of the inspiraling of binary of two

neutron stars or of two black holes. Their e↵ect will only become relevant at distances

shorter than 0.03 cm. The quantum gravitational correction to the orbital frequency of a

inspiraling binary system is given by
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where m = m1 +m2 is the total mass of the binary system. The total energy of the system

is given by
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where µ = m1m2/m is the reduced mass of the system. The quantum gravitationally

corrected waveform can be deduced from the energy-conservation equation Ė = �PGW where

PGW is the power of the quadrupole radiation of the gravitational waves corresponding to

the massless spin-2 mode:

PGW =
32GNµ

2
!
6
r
4

5c2
(9)

which can be solve for r(t) from which !(t) can be calculated. The quantum corrected chirp

signal which has frequency fGW and amplitude AGW can then be obtained in a straightfor-

5

ward manner:
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dL
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c4
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where dL is the luminosity distance of the source.

While it is easy to calculate fGW and AGW explicitly, it is clear that the quantum grav-

itational corrections to the emission of gravitational waves can only become relevant when

the two objects are closer than 0.03 cm given the bound derived on the mass of the massive

spin-2 object using data from the Eöt-Wash experiment 3. This distance is well within the

Schwarzschild radius of any astrophysical black hole and clearly tools from numerical rela-

tivity need to be employed to obtain a reliable computation. Note that for black holes the

mass is concentrated at their center and very close to the singularity. While the horizons

will have started to merge, the two singularities could be within a reasonable distance of

each other. In that sense our approximation may not be so rough. In any case it is clear

that incorporating our quantum gravitational e↵ect in numerical relativity calculations [32]

represents a real technical challenge as the interior of black holes is usually excised to avoid

having to discuss the singularity. However, the new states can only be relevant when the

distance between the two black hole singularities become of the order of the inverse of the

mass of the massive spin-2 object.

Besides the usual massless gravitational waves, there are two new kind of radiations,

namely the massive spin-0 and spin-2 could in principle be produced in energetic astrophys-

ical or cosmological events. However, in the case of a binary system, because the center of

mass of the system is conserved, the spin-0 wave cannot be produced. However, the massive

spin-2 could be emitted in the last moment of a merger when the two inspiraling objects are

closer than the inverse of the mass of the massive spin-2 field. A lengthy calculation leads to

a remarkable result. The energy E carried away by the massive spin-2 mode from a binary

system per frequency is identical to that of massless spin-2 mode:

dEmassive

d!
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45
!
6
hQijQ

ij
i✓(! �m2) (12)

up to a Heaviside step function which prevents the emission of massive waves when the

energy of the system is below the mass threshold. Note that as usual Qij is the quadrupole

moment of the binary system. The total wave emission by a binary system is thus given by

dE

d!
=

dEmassless

d!
+

dEmassive

d!
, (13)

3The e↵ects of the 1/r2 and 1/r3 terms identified in [3], which are quantum corrections to the propagation

of the massless mode will be considered elsewhere [31].
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• While it is easy to calculate fGW and AGW explicitly, it is clear that 
the quantum gravitational corrections to the emission of 
gravitational waves can only become relevant when the two objects 
are closer than 0.03 cm 

• This distance is well within the Schwarzschild radius of any 
astrophysical black hole and clearly tools from numerical relativity 
need to be employed to obtain a reliable computation. 

• Maybe the situation is not so bad for black holes as the mass is 
centered around the “singularity”.
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• Besides the usual massless gravitational waves, there are two new kind of 
radiations, namely the massive spin-0 and spin-2.

• They could be produced in energetic astrophysical or cosmological events.
•
• However, in the case of a binary system, because the center of mass of the 

system is conserved, the spin-0 wave cannot be produced.

• On the other hand, the massive spin-2 could be emitted in the last moment 
of a merger when the two inspiraling objects are closer than the inverse of 
the mass of the massive spin-2 field. 

• A lengthy calculation leads to a remarkable result: the energy E carried 
away by the massive spin-2 mode from a binary system per frequency is 
identical to that of massless spin-2 mode: 

• The total wave emission by a binary system is thus given by 
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having to discuss the singularity. However, the new states can only be relevant when the

distance between the two black hole singularities become of the order of the inverse of the
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namely the massive spin-0 and spin-2 could in principle be produced in energetic astrophys-
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mass of the system is conserved, the spin-0 wave cannot be produced. However, the massive
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closer than the inverse of the mass of the massive spin-2 field. A lengthy calculation leads to

a remarkable result. The energy E carried away by the massive spin-2 mode from a binary

system per frequency is identical to that of massless spin-2 mode:
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3The e↵ects of the 1/r2 and 1/r3 terms identified in [3], which are quantum corrections to the propagation

of the massless mode will be considered elsewhere [31].

6

ward manner:

fGW (t) =
!(t)

⇡
(10)

AGW (t) =
1

dL

2GN

c4
2µ!(t)r2(t) (11)

where dL is the luminosity distance of the source.

While it is easy to calculate fGW and AGW explicitly, it is clear that the quantum grav-

itational corrections to the emission of gravitational waves can only become relevant when

the two objects are closer than 0.03 cm given the bound derived on the mass of the massive

spin-2 object using data from the Eöt-Wash experiment 3. This distance is well within the

Schwarzschild radius of any astrophysical black hole and clearly tools from numerical rela-

tivity need to be employed to obtain a reliable computation. Note that for black holes the

mass is concentrated at their center and very close to the singularity. While the horizons

will have started to merge, the two singularities could be within a reasonable distance of

each other. In that sense our approximation may not be so rough. In any case it is clear

that incorporating our quantum gravitational e↵ect in numerical relativity calculations [32]

represents a real technical challenge as the interior of black holes is usually excised to avoid
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namely the massive spin-0 and spin-2 could in principle be produced in energetic astrophys-

ical or cosmological events. However, in the case of a binary system, because the center of

mass of the system is conserved, the spin-0 wave cannot be produced. However, the massive
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• The massive spin-2 wave will only be produced when the two black holes are 
close enough from another.

• If we denote the distance between the black holes of masses mA and mB by d, we 
obtain the frequency of the inspiral ω: 

• To estimate how close the two black holes have to be to generate enough energy 
to produce a massive wave compatible the pendulum bound, we set ω = (0.03 
cm)−1 and use the masses of the first merger observed by the LIGO collaboration 
mA = 36 M⊙ mB = 29M⊙.

• We find that for a wave of mass (0.03 cm)−1 to be produced the two black holes 
would have to be at 16 cm from another.

• Clearly this is again well within the horizon of any astrophysical black holes and 
a reliable simulation will require a technically challenging simulation using 
numerical methods. 

29

where the first term on the righthand side is the usual general relativity result for massless

gravitational waves.

The massive spin-2 wave will only be produced when the two black holes are close enough

from another. If we denote the distance between the black holes of masses mA and mB by

d, we obtain the frequency of the inspiral !:

!
2 =

GN(mA +mB)

d3
. (14)

To estimate how close the two black holes have to be to generate enough energy to produce

a massive wave compatible with the Eöt-Wash bound, we set ! = (0.03 cm)�1 and use the

masses of the first merger observed by the LIGO collaboration mA = 36M� mB = 29M�

(where M� is the mass of the sun). We find that for a wave of mass (0.03 cm)�1 to be

produced the two black holes would have to be at 16 cm from another. Clearly this is

again well within the horizon of any astrophysical black holes and a reliable simulation will

require a technically challenging simulation using numerical methods. However, our results

demonstrate that massive spin-2 waves can be produced in the merger of astrophysical

objects such as black holes or neutron stars and this e↵ect must be taken into account in

future numerical studies. Clearly the massive modes will only be produced in the final stage

of the inspiral process at the time of the merger and ringdown. This represents a unique

opportunity to probe quantum gravity with astrophysical events in a fully non-speculative

manner.

While we discussed the production of the massive waves in the context of astrophysical

processes, it is also possible to envisage the production of these new quantum gravitational

massive classical modes during first order phase transitions if such phases took place early on

in the cosmological evolution of our universe. Clearly, the occurrence of a first order phase

transition in the early universe is a speculative topic as there is no such phase transition

within the electroweak standard model. Our work represents an additional complication for

the study of early universe phase transitions as beyond the massless gravitational waves,

the new massive modes could be produced. Indeed, the collision of bubbles and damping

of plasma inhomogeneities could have generated a stochastic background of massive gravi-

tational waves beyond the massless ones that are expected. This implies that some of the

energy of these processes could be lost in massive modes. This fact has been overlooked so

far when doing simulations for LISA [33].

Tests of quantum gravity often focus on exotic possibilities [34] such as the presence of

Lorentz violation e↵ects [35] or other kinds of symmetry breaking. In this Letter, we have

shown that there are model independent predictions of quantum gravity which can be search

for in experiments or in observations. The main prediction is the existence of two new clas-
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• However, our results demonstrate that massive spin-2 waves can be 
produced in the merger of astrophysical objects such as black holes or 
neutron stars and this effect must be taken into account in future numerical 
studies.

• Clearly the massive modes will only be produced in the final stage of the 
inspiral process at the time of the merger and ringdown. 

• This represents a unique opportunity to probe quantum gravity with 
astrophysical events in a fully non-speculative manner. 
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• It is also possible to envisage the production of these new quantum 
gravitational massive classical modes during first order phase transitions 
if such phases took place early on in the cosmological evolution of our 
universe. 

• Clearly, the occurrence of a first order phase transition in the early 
universe is a speculative topic as there is no such phase transition within 
the electroweak standard model. 

• Our work represents an additional complication for the study of early 
universe phase transitions as beyond the massless gravitational waves, 
the new massive modes could be produced. 

• Indeed, the collision of bubbles and damping of plasma inhomogeneities
could have generated a stochastic background of massive gravitational 
waves beyond the massless ones that are expected. 

• This implies that some of the energy of these processes could be lost in 
massive modes. This fact has been overlooked so far when doing 
simulations for LISA 
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Summary of EQG and bounds on its parameters
• We can describe any theory of quantum gravity below the Planck 

scale using effective field theory techniques:

• Planck scale
• LC~10-12 GeV; cosmological constant.
• M★> few TeVs from QBH searches at LHC and cosmic rays.
• Dimensionless coupling constants x, c1, c2

– c1 and	c2 <1061 [xc, Hsu and Reeb (2008)]

R2 inflation requires c1=9.7 × 108 (Faulkner et al. astro-ph/0612569]).
– x < 2.6 × 1015 [xc & Atkins, 2013]

Higgs inflation requires x~104.
32



Singularities
• Within this framework, what can we say about singularities in 

cosmology and black holes?

• Recently Donoghue and El-Menoufi have argued that the late time 
singularity in FRLW cosmology could be avoided due to the non-
local operators we have discussed
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FIG. 7: Collapsing dust-filled universe with µR = 1 and a single scalar field. The time derivative of the scale factor quickly
stops diverging when the quantum correction becomes active.
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FIG. 8: Varying both the scale µ and the number of scalar particles NS in a collapsing dust-filled universe. The plots from
left to right involve (NS = 1, µR = 1), (NS = 102, µR = 0.1) and (NS = 104, µR = 0.01). Note the change of scale along
the time axis in the figures. The results illustrate the similarity of the quantum corrections with an energy scale that scales as
E ∼ MP /

√

N .

As an example of what happens in a collapsing phase, consider the case NS = 1, µR = 1, shown in Fig. 7. Here we
see that ȧ(t), which is diverging classically, slows down and in fact turns around. This appears as a bouncing solution
rather than a singular one. Because of the choice µR = 1, logµR = 0 and there is no local effect in these units.
If we change the number of scalars, we can lower the energy that this behavior occurs at, in accord with the expected

N scaling. This is shown in Fig. 8 by adjusting NS and µR together such that the number of scalars changes by
a factor of 100 between firgures, while µR changes by a factor of 10. This modifies the location of the bounce in a
predictable way. The figures look similar even though the horizontal scale changes by a factor of 10 between pictures.
The physics does scale as 1/

√
NS as long as we rescale µR by this factor, and we can have this effect occur well below

the Planck scale if the number of scalars is large enough.
However, not all cases lead to singularity avoidance. There is a dependence on the scale µR and for some choices

the local terms overwhelm the effect of the non-local terms. This can be seen in Fig. 9. Here the local terms drive
the scale factor in a more singular direction and the singularity happens more rapidly.
The bounce is also seen in the case of pure gravity, Fig. 10. The non-local coefficients for the graviton are larger

than those for a single scalar and the change in the scale factor happens at a slightly earlier time than the single
scalar case.
A very interesting case is the Standard Model with a conformally coupled Higgs. As explained in Sec. 5, this

situation is purely non-local and completely independent of the parameter µR because in the basis of Eq. 48, only
the Gauss-Bonnet non-local term contributes and this has no local effect. So this prediction is particularly simple
and beautiful. The result with all the Standard Model particles is shown in Fig. 11 and demonstrates the non-local
bounce effect in a parameter independent fashion. Note that all conformally coupled fields contribute with the same
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• Donoghue and El-Menoufi find that the big-crunch singularity 
can be avoided for certain number of fields.

• Singularity avoidance should be universal, would one avoid 
them in black holes as well?
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Quantum	Corrections	to	Black	Holes

• Black holes are amongst the simplest and yet most mysterious 
objects in our universe. 

• No-hair theorem implies that they are described by only a few 
parameters: their masses, angular momenta and charges. 

• Despite this apparent simplicity, they are incredibly challenging as 
understanding their physics requires merging quantum mechanics 
and general relativity.
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• Investigating the effects of this non-locality in black hole physics is our 
main motivation to consider quantum corrections to spherically 
symmetric solutions in general relativity.

• In particular, we revisit the issue of quantum corrections to the 
Schwarzschild black hole solution which have been studied in the past 
by Duff and Donoghue et al. . 

• We identify a complication which has not been realized previously, 
namely that of how to define a black hole.



• A mathematically consistent way to define a black hole is to define it as 
a static vacuum solution, i.e., an eternal black hole.

• If this definition is adopted, we obtain a result that differs from previous 
investigations. 

• In particular, we will see that the classical black hole solution remains a 
solution in quantum gravity up to quartic order in the non-local 
curvature expansion. 



• While eternal black holes are mathematically well defined, they may not 
capture the full physical picture.

• A real, astrophysical, black hole is the final state of the evolution of a matter 
distribution, for example of a heavy star, after it has undergone gravitational 
collapse. 

• This process is certainly not happening in vacuum. 

• This raises the question of how to define a real astrophysical black hole and of 
how to calculate quantum corrections to its metric. 

• A non-vanishing energy-momentum tensor could be used to model a collapsing 
star. 

• At a time when the star has not yet collapsed into a black hole, the star can be 
described as a static source at a specific time in its evolution.



• Another complication appears due to the non-locality: we are forced to integrate 
the modified equations of motion over regions of Planck size curvature. 

• One may thus worry about the sensitivity of the EFT to regions of space-time 
with high curvature and, in particular, to the singularity at r = 0. 

• Clearly the effective field theory breaks down in regions of large curvature, 
which in turn raises the question if the latter could offer a reliable picture in our 
case.

• However, the ultimate ultra-violet physics that dominates regions of large 
curvature should not affect observables at long distances, i.e. the exterior region 
of a black hole.

• Indeed, in an EFT, one expects short distance physics to decouple at low 
energies.

• We are making this conservative assumption. 



Quantum	gravity	corrections	
to	the	equations	of	motion	

We can now derive the equations of motion

where Gμν is the Einstein tensor, Hμν and Hμν
q represent respectively the 

local and non-local parts of the quantum correction to the field equations. 

fluctuations of the metric, or any other massless field3, result in a non-local e↵ective action

organized as an expansion in curvatures [5, 11–13]. The final outcome is composed of two

parts

�[g] = �L[ci(µ)] + �NL , (1)

where the first piece comprises the local e↵ective Lagrangian with renormalized constants.

The local part of the Lagrangian contains information about the unknown ultra-violet portion

of the theory. The second piece is the non-local portion encoding the infra-red e↵ects. To
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The various coe�cients are given in [5]. In fact, we can invoke the Gauss-Bonnet theorem

to express the local action in terms of two independent invariants. We choose to eliminate
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Let us now consider the remaining tensor H
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µ⌫ which is the result of varying the non-local

action. A consistent method to vary the logarithm has been constructed in [14] and have
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Note that there is no way to place the indices on the Riemann tensor such that the last piece

is manifestly symmetric. Hence, we choose to vary each tensor separately. The variation

of both the Ricci tensor and Ricci scalar is simple but we choose not to display since these

terms do not e↵ect our analysis in the next section. The variation of the last two terms in

Eq. (7) yields
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We are now in a position to investigate corrections to the Schwarzschild solution.

3 Absence of perturbative correction to Schwarzschild

black hole

In this section we look for spherically symmetric black holes in the vacuum of the theory in-

cluding the full set of quantum corrections up to quadratic order in curvatures. Indeed, this is

quite complicated to do in full generality since the equations of motion are integro-di↵erential.

Analytic solutions are almost impossible to find and ultimately one must resort to numerical

methods. Here, we instead look for linearized solutions around the Schwarzschild black hole

solution. This, on one hand, gives us analytic handle on the problem and it conforms to the

expectation of the e↵ective theory framework in the sense that quantum-induced corrections

should be small compared to the classical solution.

Precisely, we write the metric as follows

gµ⌫ = g
Sch.
µ⌫ + g

q
µ⌫ , (9)

where g
q represents the quantum correction to Schwarzschild solution. Linearizing Eq. (5)

around g
Sch.
µ⌫ one finds

G
L
µ⌫ [g

q] +Hµ⌫

⇥
g
Sch.

⇤
+H

q
µ⌫

⇥
g
Sch.

⇤
= 0 , (10)

5
Note, nevertheless, that these contributions to the equations of motion are of the same order in derivatives

as the ones considered here.

4



Absence	of	perturbative	correction	to	
Schwarzschild	black	hole	

• We write the metric as follows

where gq represents the quantum correction to Schwarzschild solution.

• Linearizing the field equations around gSch, one finds 

where the linearized Einstein tensor reads.

• It is well known that Hμν[gSch] = 0

• A lengthy calculation shows that Hμν
q[gSch] = 0. 

• There are no correction to Schwarzschild’s metric at 2nd order in 
curvature

theory only up to quadratic order5. The non-local contribution to the equations of motion

reads

H
q
µ⌫ =

1

2
gµ⌫


↵R ln

✓⇤
µ2

◆
R + �R↵� ln

✓⇤
µ2

◆
R

↵� + �R↵��⌧ ln

✓⇤
µ2

◆
R

↵��⌧

�

�


2↵

�R

�gµ⌫
ln

✓⇤
µ2

◆
R + 2�

�R
�
↵

�gµ⌫
ln

✓⇤
µ2

◆
R

↵
� + �

�R�↵�⌧

�gµ⌫
ln

✓⇤
µ2

◆
R

�↵�⌧ (7)

+�
�R

�↵�⌧

�gµ⌫
ln

✓⇤
µ2

◆
R�↵�⌧

�
.

Note that there is no way to place the indices on the Riemann tensor such that the last piece

is manifestly symmetric. Hence, we choose to vary each tensor separately. The variation

of both the Ricci tensor and Ricci scalar is simple but we choose not to display since these

terms do not e↵ect our analysis in the next section. The variation of the last two terms in

Eq. (7) yields

H
q
µ⌫ ⇢ (r↵

r
⌧ +r

⌧
r

↵) ln

✓⇤
µ2

◆
R↵⌫µ⌧ +

�
�
↵
µR

��⌧
⌫ + �

↵
⌫R

��⌧
µ

�
ln

✓⇤
µ2

◆
R↵��⌧ . (8)

We are now in a position to investigate corrections to the Schwarzschild solution.

3 Absence of perturbative correction to Schwarzschild

black hole

In this section we look for spherically symmetric black holes in the vacuum of the theory in-

cluding the full set of quantum corrections up to quadratic order in curvatures. Indeed, this is

quite complicated to do in full generality since the equations of motion are integro-di↵erential.

Analytic solutions are almost impossible to find and ultimately one must resort to numerical

methods. Here, we instead look for linearized solutions around the Schwarzschild black hole

solution. This, on one hand, gives us analytic handle on the problem and it conforms to the

expectation of the e↵ective theory framework in the sense that quantum-induced corrections

should be small compared to the classical solution.

Precisely, we write the metric as follows

gµ⌫ = g
Sch.
µ⌫ + g

q
µ⌫ , (9)

where g
q represents the quantum correction to Schwarzschild solution. Linearizing Eq. (5)

around g
Sch.
µ⌫ one finds

G
L
µ⌫ [g

q] +Hµ⌫

⇥
g
Sch.

⇤
+H

q
µ⌫

⇥
g
Sch.

⇤
= 0 , (10)

5
Note, nevertheless, that these contributions to the equations of motion are of the same order in derivatives

as the ones considered here.

4

theory only up to quadratic order5. The non-local contribution to the equations of motion

reads

H
q
µ⌫ =

1

2
gµ⌫


↵R ln

✓⇤
µ2

◆
R + �R↵� ln

✓⇤
µ2

◆
R

↵� + �R↵��⌧ ln

✓⇤
µ2

◆
R

↵��⌧

�

�


2↵

�R

�gµ⌫
ln

✓⇤
µ2

◆
R + 2�

�R
�
↵

�gµ⌫
ln

✓⇤
µ2

◆
R

↵
� + �

�R�↵�⌧

�gµ⌫
ln

✓⇤
µ2

◆
R

�↵�⌧ (7)

+�
�R

�↵�⌧

�gµ⌫
ln

✓⇤
µ2

◆
R�↵�⌧

�
.

Note that there is no way to place the indices on the Riemann tensor such that the last piece

is manifestly symmetric. Hence, we choose to vary each tensor separately. The variation

of both the Ricci tensor and Ricci scalar is simple but we choose not to display since these

terms do not e↵ect our analysis in the next section. The variation of the last two terms in

Eq. (7) yields

H
q
µ⌫ ⇢ (r↵

r
⌧ +r

⌧
r

↵) ln

✓⇤
µ2

◆
R↵⌫µ⌧ +

�
�
↵
µR

��⌧
⌫ + �

↵
⌫R

��⌧
µ

�
ln

✓⇤
µ2

◆
R↵��⌧ . (8)

We are now in a position to investigate corrections to the Schwarzschild solution.

3 Absence of perturbative correction to Schwarzschild

black hole

In this section we look for spherically symmetric black holes in the vacuum of the theory in-

cluding the full set of quantum corrections up to quadratic order in curvatures. Indeed, this is

quite complicated to do in full generality since the equations of motion are integro-di↵erential.

Analytic solutions are almost impossible to find and ultimately one must resort to numerical

methods. Here, we instead look for linearized solutions around the Schwarzschild black hole

solution. This, on one hand, gives us analytic handle on the problem and it conforms to the

expectation of the e↵ective theory framework in the sense that quantum-induced corrections

should be small compared to the classical solution.

Precisely, we write the metric as follows

gµ⌫ = g
Sch.
µ⌫ + g

q
µ⌫ , (9)

where g
q represents the quantum correction to Schwarzschild solution. Linearizing Eq. (5)

around g
Sch.
µ⌫ one finds

G
L
µ⌫ [g

q] +Hµ⌫

⇥
g
Sch.

⇤
+H

q
µ⌫

⇥
g
Sch.

⇤
= 0 , (10)

5
Note, nevertheless, that these contributions to the equations of motion are of the same order in derivatives

as the ones considered here.

4



• While that there are no corrections at quartic order in curvature, which is in 
sharp contrast with previous results, there will be corrections at higher 
order for example higher dimensional operators such as 

• will lead to quantum corrections of the Schwarzschild solution. 

• We are doing perturbation around the standard Schwarzschild solution 

• Far away from the hole, we find 

• This simply demonstrates that the Schwarzschild solution is not a solution 
of the field equations when higher dimensional operators of dimensions 
d≥6 are included. 

and B(r) = A(r)�1. Using the usual Schwarzschild metric we find that this term gives the

following contribution to the field equations

�
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dr1
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2
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3
1 � 24r4)

r3r41(2MGN � r)|r � r1||r + r1|
(24)

which vanishes since the integrant is not singular in the limit r1 ! r, i.e. the principle

value integral is equal to zero. This also shows that our result is coordinate independent as

expected.

While this shows that there are no corrections at quartic order in curvature, which is in

sharp contrast with previous results, there will be corrections at higher order for example

higher dimensional operators such as c6Rµ⌫
↵�R

↵�
��R

��
µ⌫ will lead to quantum corrections of

the Schwarzschild solution. We find the following equation of motion:
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+ c624M

2
G

2
N

98MGN � 45r

r6(r � 2MGN)
= 0 (25)

where we are doing perturbation around the standard Schwarzschild solution A(r) = 1 �

2MG
r + h(r). Far away from the hole, we find8

h(r) = c6
576⇡G3

NM
2

r6
. (26)

This simply demonstrates that the Schwarzschild solution is not a solution of the field equa-

tions when higher dimensional operators of dimensions d � 6 are included.

4 Singularity avoidance?

An immediate consequence of our result is that the singularity avoidance observed in [5] is

non-universal as the very same operators do not cure the curvature singularity of an eternal

Schwarzschild black hole. However, it is important to keep in mind that these results are

obtained in perturbation theory.

We actually have indications that perturbation theory will break down below the reduced

Planck mass. The non-local operators (3) lead to a modification of the propagator for the

graviton given by

P
µ⌫⇢� =

L
µ⌫⇢�

2p2
⇣
1� 1

120⇡GNNp2 log
⇣

�p2

µ2

⌘⌘ (27)

8
Note that there are several local as well as non-local operators at cubic order that would contribute

similarly.
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Singularity	avoidance?	
• An immediate consequence of our result is that the singularity 

avoidance observed by Donoghue and El-Menoufi is non-universal as 
the very same operators do not cure the curvature singularity of an 
eternal Schwarzschild black hole. 

• However, it is important to keep in mind that these results are obtained 
in perturbation theory. 

• We have seen that there are indications that perturbation theory will 
break down below the reduced Planck mass. 

• Strong dynamics is expected to resolve singularities.



Corrections	to	the	gravitational	field	of	
a	static	source	

• It is interesting to understand the effect of the quantum induced non-
locality on the field of a static spherically symmetric object such as a star. 

• We aim for a simplified treatment and thus we only consider

• We use a perturbative approach again compatible with our EFT approach.

• The solution to Einstein equation for a constant density star is known in 
closed form.

fluctuations of the metric, or any other massless field3, result in a non-local e↵ective action

organized as an expansion in curvatures [5, 11–13]. The final outcome is composed of two

parts

�[g] = �L[ci(µ)] + �NL , (1)

where the first piece comprises the local e↵ective Lagrangian with renormalized constants.

The local part of the Lagrangian contains information about the unknown ultra-violet portion

of the theory. The second piece is the non-local portion encoding the infra-red e↵ects. To

second order in curvatures [5], we have4
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The various coe�cients are given in [5]. In fact, we can invoke the Gauss-Bonnet theorem
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Let us now consider the remaining tensor H
q
µ⌫ which is the result of varying the non-local

action. A consistent method to vary the logarithm has been constructed in [14] and have

been shown to contribute to the equation of motion terms cubic in curvatures. The result is

indeed quite complicated, however, we do not consider such terms as our aim is to study the

3
This is certainly a valid approximation if one is working at energies between the weak scale and the

Planck mass.

4
We dropped a total derivative ⇤R as it does not a↵ect the equations of motion.
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• Outside the star, the non-locality introduces a non-trivial contribution 

where the integral extends only over the source region, 
T = 𝜌0 – 3 P is the trace of the energy-momentum tensor, 𝜌0 is the mass 
density and P is the pressure. 

• Both the pressure and metric functions are known in the interior of the 
star

where RS is the radius of the star.
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where the integral extends only over the source region, T = ⇢0 � 3P is the trace of the

energy-momentum tensor, ⇢0 is the mass density and P is the pressure. Note that here the

perturbative treatment is insensitive to the ultra-violet, the local pieces in Eq. (2) drop

out. Both the pressure and metric functions are known in the interior of the star [18], for

example,
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where RS is the radius of the star. To analyze the field far away from the source, it is enough

to expand the right-hand side in powers of GN . To lowest order, we have10
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where RS is the radius of the star and the pressure drops out since it is O(G). We fix the

gauge by looking for spherically symmetric perturbations

g
q
✓✓ = g

q
�� = 0 . (32)

Far away from the source, we find the leading correction

g
q
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18↵l2P
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, g

q
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12GNM↵l
2
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. (33)

Note that it is not possible to recover our previous result for an eternal Schwarzschild black

hole by taking the limit RS = 0 as this limit is ill-defined.

6 Comments on previous results

In Section 3, we established that the Schwarzschild black hole solution furnishes an exact

solution to the non-local equations of motion accurate up to quadratic order in curvatures.

The expected breakdown of Birkho↵’s theorem led us to study the field of a static star and

we identified the leading non-trivial quantum correction. In the current section we scrutinize

the previous results obtained in [6,7] and discuss them in light of our findings. We will argue

that studying quantum corrections to black holes must be done using the e↵ective action

formalism.
10
Note that we are working with flat-space derivatives in spherical coordinates.
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• Far away from the source, we find the leading correction

• Note that it is not possible to recover our previous result for an eternal 
Schwarzschild black hole by taking the limit RS = 0 as this limit is ill-defined. 

• This is not really a surprise!

• In 1987 Geroch and Trashen have shown that in general relativity, the only 
sensible delta-function sources in generally covariant theories are sources of 
spatial codimension one. 

• So one cannot consider a point source as in the linearized theory. 

• Instead, the simplest source that one can consider in the full nonlinear theory is a 
thin spherical shell of radius.

• This is also a source of discrepancy with previous works that have considered 
delta-functions as sources.
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• We have shown that the Schwarzschild black hole solution remains a solution 
including non-local quantum corrections up to quadratic order in 
curvatures. 

• Our findings emphasize the need to be very careful when discussing 
quantum corrections to black holes which need to be defined carefully. 

• While, from a mathematical point of view, an eternal black hole is a static 
vacuum solution, astrophysical black holes are not. 

• They are surrounded by matter and are themselves the result of the 
gravitational collapse of matter. 

• Calculating quantum gravitational corrections to real astrophysical black 
holes is thus a fantastically difficult task which cannot be done easily 
analytically. 



• This investigation requires us to study a dynamical process where a 
matter distribution, e.g., a star, collapses to form a black hole and to 
follow quantum effects throughout the process. 

• Our work represents a first step in that direction.

• We have found that an observer far away from a star experiences a 
correction to Newton’s law that depends on the size of the star. 

• Long after the star has collapsed, the far field behavior of the remaining 
object should approach that of an eternal black hole.

• At this stage of the evolution, the observer would find only cubic order in 
curvature corrections to Newton’s law.



Conclusions
• We have discussed a conservative effective action for quantum gravity 

(EQG) within usual QFTs such as the standard model or GUT.

• EQG can make predictions which can be confronted to data.

• We have seen some universal features of quantum gravity: the Planck 
scale is dynamical, space-time becomes non-local at that scale & strong 
dynamics at the Planck scale.

• We have discussed a novel application to quantum corrections to black 
holes and found new unexpected results.
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