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Area quantization (with Sebastian and KK):

• What and wherefore1 of area quantizationBekenstein 1974; Mukhanov
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• Why might this lead to echoes Foit et al. 2019?

• What we did Coates et al. 2019

• What we’re doing

Weak Equivalence Principle Violations (with Nicola and others Franchini et al.
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• The toy model(s)

• What we have done
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Area quantization I

The basic result of “old quantum mechanics” is that adiabatic invariants, I

should be quantized in a linear way

I = ι~n, n ∈ N.

Harmonic oscillator: I = E/ω , so E
?
= ~ωn

Bekenstein 1974: two examples of “adiabiatic” processes in BHs.

Christodoulou’s reversible process and incident wave with ω = mΩ.

These leave the area of a black hole fixed. So A = α`2
pn.

Using standard quantization of spin the mass spectrum for a Kerr black hole is:

M2 =
c

16πG

(
α~n +

64π2~j2

αn

)
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Area quantization II

What observational effects could this lead to?

Recent suggestions:

• Reflectivity of black holes (why?)

• Spectral lines for waves scattered off black holes

Reflection of gravitational waves from near the (perhaps would be) horizon

leads to “echoes”.

But does it really?

Black holes above the minimum mass are an excited state and thus decay

(Hawking radiation).

Hence finite width of states.

The question is: are there disco balls in the sky?
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A highly accurate numerical simulation



Area quantization III

Validity of Hawking radiation and area quantization are linked.

So we match decay to the power of Hawking radiation to estimate the widths,

PH =
〈ω〉
τ

= 〈ω〉 Γ,
Schw
=⇒ Γ ≤ PH/ω0.

Important thing is ratio to gap so Γ/ω0
Schw∼ 1/5 for common values of α.

But astrophysical black holes spin, so what about in this case (the new part)?

Probably no echoes after merger: for 0.6 . a . 0.8 the widths are enhanced by

a factor 5.

To get this: use Ȧ instead of Ṁ and parametrize 〈δn〉 in a nice way.
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To get this: use Ȧ instead of Ṁ and parametrize 〈δn〉 in a nice way.

6



Area quantization III

Validity of Hawking radiation and area quantization are linked.

So we match decay to the power of Hawking radiation to estimate the widths,

PH =
〈ω〉
τ

= 〈ω〉 Γ,
Schw
=⇒ Γ ≤ PH/ω0.

Important thing is ratio to gap so Γ/ω0
Schw∼ 1/5 for common values of α.

But astrophysical black holes spin, so what about in this case (the new part)?

Probably no echoes after merger: for 0.6 . a . 0.8 the widths are enhanced by

a factor 5.
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Area quantization IV
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Area quantization V

After releasing the arxiv version we found Shahar Hod had a similar calculation

of the widths, saying

particle emission rate = decay width

i.e. by assuming 1 decay = 1 particle emitted.

Combining multiple observables from Hawking Radiation we can put an upper

bound on α.

Currently (hope to improve it) we have α . 10

Final words: reflectivity unlikely in astrophysics (spins generally large). Also

basically no chance of noticable spectral lines, even in Schwarzschild.
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Area quantization V

After releasing the arxiv version we found Shahar Hod had a similar calculation

of the widths, saying

particle emission rate = decay width

i.e. by assuming 1 decay = 1 particle emitted.

Combining multiple observables from Hawking Radiation we can put an upper

bound on α.

Currently (hope to improve it) we have α . 10 5

Final words: reflectivity unlikely in astrophysics (spins generally large). Also

basically no chance of noticable spectral lines, even in Schwarzschild.

5α ≈ 2.7 corresponds to the 1/5
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End of first part

Questions?

9



Equivalence Principles

Definitions based on6

• Weak Equivalence Principle

I Test particles have universal free-fall

• Einstein Equivalence Principle

I WEP + Local Lorentz Invariance

• Strong Equivalence Principle

I EEP but test particles → self-gravitating systems∗

I can also be formulated in terms of existence of “isolated systems”

GR only known viable theory with SEP and WEP at risk outside of GR.

6Will 2014.
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Equivalence Principles

Definitions based on6

• Weak Equivalence Principle

I Test particles have universal free-fall

• Einstein Equivalence Principle

I WEP + Local Lorentz Invariance

• Strong Equivalence Principle

I EEP but test particles → self-gravitating systems∗

I can also be formulated in terms of existence of “isolated systems”

GR only known viable theory with SEP7 and WEP at risk outside of GR.

6Will 2014.
7isolated system when local flatness is not enough?
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Brief recap: spontaneous scalarization I

Action of scalar-tensor theory

S =
1

16πG

∫
d4x
√
−g [R − 2∂µφ∂

µφ− V (φ)] + Sm

[
A2(φ)g,Ψm

]
.

“Einstein frame”.

SEP violation via φ∞

useful to define: α =
dA

dφ
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Brief recap: spontaneous scalarization II

Now linearize scalar equation around GR solution with constant scalar φ0
8

�ϕ =
(
m2 − 4πGTβ

)
ϕ

where

φ = φ0 + ϕ+ · · · , m2 =
1

4
V ′′(φ0), β = α′(φ0).

Heuristically (when 4πGTβ > m2):

ω2 =

(
2π

λ

)2

− µ2

Upshot: screened SEP violations which show up in strong gravity (just one

example).

8requires V ′(φ0) = α(φ0) = 0
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Brief recap: spontaneous scalarization II

Now linearize scalar equation around GR solution with constant scalar φ0
8

�ϕ =
(
m2 − 4πGTβ

)
ϕ

where

φ = φ0 + ϕ+ · · · , m2 =
1

4
V ′′(φ0), β = α′(φ0).

Heuristically (when 4πGTβ > m2):

ω2 =

(
2π

λ

)2

− µ2

Upshot: screened9 SEP violations which show up in strong gravity (just one

example).

8requires V ′(φ0) = α(φ0) = 0
9Damour et al. 1993.
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Brief recap: spontaneous scalarization III
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WEP violations: some motivation

Broad motivation:

1. Overlooked possibilities (c.f. spontaneous scalarization)

2. Theoretical considerations

3. Additional ways to search for extra degrees of freedom

But: WEP violations very broad, should first study a toy model. Particularly as

a pilot for future work.

Properties:

• A screening mechanism

• Tractablilty

• Some WEP violation
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The gravitational Higgs mechanism: the action

1

16πG

∫
d4x
√
−g
[
R − 2gµνDµφDνφ− V (|φ|)

]
−1

4

∫
d4x
√
−g [FµνF

µν ] + Sm[A2(|φ|)g, ψm],

where:

Dµφ = ∂µφ− iqAµφ,

Aµ is a U(1) gauge field.

Restoring constants the U(1) field has an effective mass:

m2
γ(|φ|) =

µ0q
2c2

4πG
φφ.

If the spontaneous scalarization mechanism is undamaged, this is the U(1)

Higgs mechanism∗. For simplicity we take V = 0 (this alone makes it a toy).
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The gravitational Higgs mechanism: spherical symmetry

Can prove12, Aµ = 0.

Proof very similar to Bekenstein’s no-hair theorem for Einstein-Proca .

May be wondering why this doesn’t apply for boson stars:

Can’t have V (φ) = 0 for charged boson stars.

So if there is a bare scalar field mass the proof will not hold.

Gain an extra free parameter in NS solutions - the electric charge.

Ongoing work with Nicola to understand the solutions in this case.

12for V (φ) = 0 and no additional currents
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The gravitational Higgs mechanism: mass generation

For spherically symmetric stars, only standard scalar-tensor theory solutions14.

Mechanism is extremely effective.

mγ ≈
(
|q|
e

)(
|φ|

0.01

)(
10−3MPl

)
. (MPl ≈ 20µg)

c.f. weak field tests of the photon mass . 10−42MPl, i.e. small amounts of

scalarization give large changes in the matter sector.

Note: 1/r falloff so need ∼ 1039 NS radii ∼ 1040km to satisfy that bound...

14Note that, if we interpret the U(1) field as the photon, one should use different

equations of state
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scalarization give large changes in the matter sector.

Note: 1/r falloff so need ∼ 1039 NS radii ∼ 1040km to satisfy that bound15...

14Note that, if we interpret the U(1) field as the photon, one should use different

equations of state
151017 observable universes
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The gravitational Higgs mechanism: now

Work (finished but to appear) with a masters student in Tübingen.

Verena Krall

Basic results:

• O(1) effects on magnetic fields for charge O(10−34) electron charges

• possible smoking guns in dynamics c.f. parametric oscillator.
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The gravitational Higgs mechanism: the takeaway

• Reasons to expect WEP violations.

• WEP violations can be screened in principle. Solar system tests not

enough

• Strong signature

• Need to go beyond the toy and seems worthwhile.
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Future work

Ultimately want an effective model with a φ dependent equation of state

for neutron stars

For:

• Testing robustness of screening mechanisms to WEP violations

• Making astrophysically relevant predictions

• Maintaining some tractability

May be useful to take a detour through cosmology.
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Thank you!

Questions?
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Backup: WEP violations in GHiggs

In the Einstein frame (for this specific choice of Conformal factor)

standard matter follows paths given by:

uα∇αu
β = −βφ (∇αφ)

(
gαβ + uαuβ

)
.

To compare we should take the geometric optics limit of the U(1) field

equations. Ansatz:

Aµ = Re

[(
aµ + εbµ +O(ε2)

)
exp

iθ

ε

]
important to keep φ of order 1/ε (else geometric optics is also ultra

relativistic).

Dominant part of the equations gives:

k2 = −e2ε2φ2 ≡ −m2
γ

where k = dθ. Defining ` = k/mγ ,

`α∇α`
β = − (∇α log φ)

(
gαβ + `α`β

)
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Backup: spherical symmetry I

Making a gauge choice, the gauge field’s equation of motion are Proca-like:

∇µFµν = m2
γ(|φ|)Aν .

This relies on that the 4-current contribution of the scalar field is

Jµ ∝ φ∂µφ− φ∂µφ.

This can then be transformed away (φ = |φ| exp iθ → |φ| exp i(θ + qλ) and so

λ = −θ/q does this for us).

In spherical symmetry and staticity the r (areal radius) component of the gauge

fields equation reads:

m2
γAr = 0,

(in the above guage) and so Aµ = (At , 0, 0, 0).
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Backup: spherical symmetry II

Following the Bekenstein proof16 of the no-hair theorem for the Einstein-Proca

system we can also prove that in this situation the U(1) field must be trivial.

Sketch: Contract the Proca-like equation with Aν and integrate over some

spacetime volume, V,∫
V
d4x
√
−g [Aν∇µFµν −mγA

νAν ] = 0.

Integrate the first term by parts:∫
V
d4x
√
−g
[

1

2
FµνFµν + mγA

νAν

]
=

∫
∂V

d3σnνAν∇µFµν .

We’re interested in stars so we can take a single boundary, a constant r

surface, and take r →∞. Asymptotic flatness then kills the boundary integral.

Finally look at the integrand of the left-hand-side, it is sign definite and one

gets At = 0.

16Bekenstein 1972.
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Backup: parametric oscillator analogy

Compare the flatspace Klein-Gordon equation with a field dependent mass17:

−∂2
t ψ =

(
k2 + m2(|φ|)

)
ψ,

to the parametric oscillator:

− d2

dt2
x = ω2(t)x .

So in dynamical situations can expect some excitation of ψ (c.f. reheating).

17Note: our equation for the U(1) field is not exactly this but is still a wave equation.

So similar, if not identical, behaviour can be expected.
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