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Outline
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Why all these prejudices against a constant?

Eugenio Bianchi. Carlo Rovelli
Centre de Physique Theéorique de Luminy . Case 907. F-13288 Marseile. EU
(Dated: April 13. 2010)
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Why all these prejudices against a constant?

Eugenio Bianchi. Carlo Rovelli
Centre de Physique Theéorique de Luminy . Case 907. F-13288 Marseille. EU
(Dated: April 13. 2010)

“But to claim that dark energy represents a profound mystery, Is, in our opinion,
nonsense. “Dark energy” is just a catch name for the observed acceleration of the
universe, which is a phenomenon well described by currently accepted theories, and
predicted by these theories, whose intensity is determined by a fundamental constant,
now being measured. The measure of the acceleration only determines the value of a
constantthat was not previously measured. We have only discovered that a constant that
so far (strangely) appeared to be vanishing, in fact is not vanishing. Our universe is full of
mystery, but there is no mystery here.”
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Knowledge grows bur is always limired:
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Technical Naturalness
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Technical Naturalness

* A technically natural effective theory is insensitive to the cut-off
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Technical Naturalness

* A technically natural effective theory is insensitive to the cut-off
* e.g. Newton’s laws, Standard Model
* Atheory that is not technically natural requires fine-tuning
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(Cosmologist’s)
Quantum Gravity Problems

 Renormalizability = Big Bang Singularity

Pirsa: 10050059

limymch Afchmr~i Darmarar leositr el 1A as 2~




Technical Naturalness

» A technically natural effective theory is insensitive to the cut-off
* e.g. Newton’s laws, Standard Model
* A theory that is not technically natural requires fine-tuning
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(Cosmologist’s)
Quantum Gravity Problems

 Renormalizability = Big Bang Singularity
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(Cosmologist’s)
Quantum Gravity Problems

 Renormalizability = Big Bang Singularity
» O/d Cosmological Constant Problem (pauli 1920%)

= | 1 | < 10 kg/m3 (Standard Model of Particle Physics)
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(Cosmologist’s)
Quantum Gravity Problems

 Renormalizability = Big Bang Singularity
» O/d Cosmological Constant Problem (pauli 1920%)

- | 1 - | & 104 kg/m3 (Standard Model of Particle Physics)
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(Cosmologist’s)
Quantum Gravity Problems

 Renormalizability = Big Bang Singularity
» O/d Cosmological Constant Problem (pauli 1920%)

= | ¢ M | < 1033 kg/m3 (Standard Model of Particle Physics)

£

» New Cosmological Constant Problem: park Energy
— Poa=({7.1109) x 104 kg/m"
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Landscape/Multiverse “solution” to
the CC problem

* Allthe possible choices of CC are realized in
the multiverse, and we happen to live in the
universesthat are habitable
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Landscape/Multiverse “solution” to
the CC problem

» Allthe possible choices of CC are realized in

the multiverse, and we happen to live in the
universesthat are habitable

e “Critics claim that many of these theories
lack empirical testability, and without hard
physical evidence are untalsifiable; outside the
methodology of scientific investigation to
confirm or disprove.” wikipedia
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Which Principles to keep?

e Lorentz symmetry » Falsifiability
* Predictivity




Landscape/Multiverse “solution” to
the CC problem

* Allthe possible choices of CC are realized in

the multiverse, and we happen to live in the
universes that are habitable

e “Criticsclaim that many of these theories
lack empirical testability, and without hard
physical evidence are unfalsifiable; outside the
methodology of scientific investigation to
confirm or disprove.” wikipedia
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Which Principles to keep?

* Lorentz symmetry * Falsifiability
e 4d diff. invariance * Predictivity

* Locality %

* Action principle

* Unitarity
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Outline

 “Why all these prejudices against a constant?”

* Reviving Gravity’s Aether
— quantum gravity
— degravitating quantum vacuum
— dark energy
— initial conditions

* Conclusions
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Possible Quantum Gravities
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Possible Quantum Gravities

* Infinite new degrees of freedom

—— s .
- -

* Non-perturbative effects, non-standard quantization

* Break Lorentz Invariance: Emergent Gravity

— Gravity /s mergent low energy phenomenon
condensed matter system (e.g. Gu & Wen 09)

— €.4. rorava-L fshitz Jravity (Horava 09)
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Possible Quantum Gravities

* Infinite new degrees of freedom

- -

* Non-perturbative effects, non-standard quantization

* Break Lorentz Invariance: Emergent Gravity

— Gravity /s emergent low energy phenomenon
condensed matter system (e.g. Gu & Wen 09)

. P — e = ¥ S

— e.g. Horava-Lifsnitz gravity (Horava 09)

—Cosmologist’s favorite! Cosmological (FRW) spacetime
maximally breaks Lorentz symmetry!{noT spatial translation/rotation)
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Possible Quantum Gravities

* Infinite new degrees of freedom

—_ =

* Non-perturbative effects, non-standard quantization

* Break Lorentz Invariance: Emergent Gravity
_Grab{’ty "_‘"'__'__ 1A 2rlorer slalr=YaTaYaar=lalala

- - - - - - --' ¥ e

condensed matter system (e.g. Gu & Wen 09)

- " . - — e o o g
——— s —

e.g. Horava-Lifshitz gravity (Horava 09)

—Cosmologist’s favorite! Cosmological (FRW) spacetime
maximally breaks Lorentz symmetry!{noT spatial translation/rotation)

>{Aether theories: 4-diffinv——> 3-diff. inv.
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(Emergent) Horava-Lifshitz Gravity

* Gravityis renormalizableif
— frequency x wavelength= (w x k3): Horava 09
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(Emergent) Horava-Lifshitz Gravity

* Gravity is renormalizableif

— frequency x wavelength= (w x k3): torava o9
* Lorentzinvarianceis broken at high energies
* Preferred frame behaves like Aether

* Aethershould decouple from matter at low
energies =2 Michaelson-Morely experiment

* Atlow energies:

) ) 1 — A P —
SHL = SEH + T62Cn /r{ﬂ- vV—gK-.

General Relativity




Aether = Incompressible Fluid

]. - !\ —_— )
SHI_ = SEH + /\r[_lt{'\f—gfl_.

167G N

Behaves as an incompressiblefiuid

* |denticalto cuscuton field theory
— (NA, Chung, & Geshnizjani 2007)
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Aether = Incompressible Fluid

1—-A N
Syr = Spyg + /r[_lt{‘\,f—gfl_.

167G N

Behaves as an incompressible fluid

* |denticalto cuscuton field theory
— (NA, Chung, & Geshnizjani 2007)

e CMC surfaces =2 Julian’s talk
Lesson:

Renormalizable Emergent Quantum Gravity =2
GR+Incompressible Aether (at low energies)
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Aether =2 Incompressible Fluid

1—A —
S‘HI_ — SEH — /\r[_lti'\/—gfk_.

167G N

Behaves as an incompressible fluid

* |denticalto cuscuton field theory
— (NA, Chung, & Geshnizjani 2007)

e CMC surfaces =2 Julian’s talk
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(Emergent) Horava-Lifshitz Gravity

* Gravity is renormalizable if

— frequency x wavelength= (w x k3): torava 09
* Lorentzinvarianceis broken at high energies
* Preferred frame behaves like Aether

* Aethershould decouple from matter at low
energies =2 Michaelson-Morely experiment

* Atlow energies:

1 — A —
Suyr = Sy + T /([41‘\/—{;51“.

mean extrinsic curvature of spatial hypersurfaces

General Relativity




Aether =2 Incompressible Fluid

= ]. - ,f\ —_—— e )
SHI_ — SEH — /f]'lt{‘\f—gfl_.

167G N

Behaves as an incompressible fiuid

* |denticalto cuscuton field theory
— (NA, Chung, & Geshnizjani 2007)
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Aether =2 Incompressible Fluid

1—A N
SHL — SEH — /\d'lt{‘\,ff—gfl_.

167G N

Behaves as an incompressible fiuid

* |denticalto cuscuton field theory
— (NA, Chung, & Geshnizjani 2007)

e CMC surfaces =2 Julian’s talk
Lesson:

Renormalizable Emergent Quantum Gravity =2
GR+Incompressible Aether (at low energies)
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Incompressible Aether in history!

* “Similar to Newton, but
mathematically i in greater
detail, Bernhard Riemann assumed in
1853 that the gravitational aetheris
an incompressible fluid and normal
matter represents sinks in this aether

n

http://en wikipedia_org/wiki/Mechanical explanations of sravitation

Riemann, B. (1876), "Neue mathematische Prinzipien der
Naturphilosophie”, Bernhard Riemanns Werke und
gesammeiter Nachlass (Leipzig): 528-538
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The Cosmological Constant (CC)
Conundrum




The Cosmological Constant (CC)
Conundrum

Incompressible Gravitational Aether




Outline

 “Why all these prejudices against a constant?”

* Reviving Gravity’s Aether
— quantum gravity
— degravitating quantum vacuum
— dark energy
— initial conditions

* Conclusions
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Gravitational Aether: wazows)
solves the old cosmological constant problem

: 1
vl y — v r
(87G") ECT;HJ_”.E!U_ = ri{f' - irt:fh”’ 3

* The metricis now blind to vacuum energy:

I, = Pvacu, + excitations

- - w— — e e . w —— — . — e a w—— — W e e e e B = -

—
Ew = " m ® . E R B TS N OWE E ® =W E =R T E W E & m " m BEw § =
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Gravitational Aether: wazos)
solves the old cosmological constant problem

1
. TA —E v r i ¥
(8xCG ) "Gl =T — ET,T! G +

* The metricis now blind to vacuum energy:
1,,,, = Pvacu, + excitations

* |In order to satisfy the Bianchi identity:

1 1
(Q g \—1 I T X r !
(837G ) Gluz.r \Jur| — Tlur.w — II} Guv T I i '“y:r“ — IT”;};L;

737

 Further assume incompressible fluid/aether:

’ P o=

[Ty
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Gravitational Aether: mwazows)
solves the old cosmological constant problem

1
- 14 —i v r b W
\ 'h'“(-r } G;:U _y,uif_ — T,::Lf T EI;. ff,urf T

* The metricis now blind to vacuum energy:
THU — PvacGuv T exclitations

* |In order to satisfy the Bianchi identity:

737

* Further assume incompressible fluid/aether:

I—f = T A e M
ur =P {u“ i, + Guu)

1 1
-‘_ T —1 ¥ I 1 - “1 r -’ I
"'l-\“G ) G,u:.r \Jur| — T;u.w _- IT} Guuv 7 T I '“y;r“ —_— IT 1_.1;;_;

Motivation: Tests of gravity severely constrain new deg’s of freedom
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Example of model predictions:
Ly-c«v forest + WMAPS5
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1.3t
= 24
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* Aether has solved the ol/d
cosmological constant problem.

* How about the new cosmological
constant problem (Dark Energy)?
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Qutline

 “Why all these prejudices against a constant?”

* Reviving Gravity’s Aether
— quantum gravity
— degravitating quantum vacuum
— dark energy
— initial conditions

* Conclusions
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How Black Holes lead to cosmic
acceleration
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How Black Holes lead to cosmic

acceleration
Gravitational Aether:
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How Black Holes lead to cosmic

acceleration
Gravitational Aether:




How Black Holes lead to cosmic

acceleration
Gravitational Aether:

£~ 20, selfarbiack hoes orm
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How Black Holes lead to cosmic

acceleration
Gravitational Aether:

z~ 0.5, aether pressure
dominates cosmic expansion =2
acceleration

Gravitational aetheris sourced at
black hole horizons A A

£- 20, stlfarbiack hoes orm
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Aether:
a thermodynamic theory?!

e R R N i R e S S VS R LS S
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Aether:
a thermodynamic theory?!

* Black Hole Thermodynamics:

— Bardeen, Carter, & Hawking 1573; Bekenstein 1973

; A
dm = (%) d (I) + Qd.J + ddO)

ik

e Einstein’s gravity and 2" law:
— TdS =dQ = Gm_; = TL”, (Jacobson 1995)
— Newtonian gravity as an entropic force (verlinde 2010)

* Could gravity be the thermodynamic
description of a more fundamental theory?
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How Black Holes lead to cosmic

acceleration
Gravitational Aether:

| dowsi RS

Why should black holes source Aether?




How Black Holes lead to cosmic

acceleration
Gravitational Aether:

z~ 0.5, aether pressure
dominates cosmic expansion =2
acceleration

Gravitational aetheris sourced at
black hole horizons A A

T
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Aether:
a thermodynamic theory?!

* Black Hole Thermodynamics:
— Bardeen, Carter, & Hawking 1573; Bekenstein 1973

dm = ( " )d (4) + QdJ + ®dQ

27 4

e Einstein’s gravity and 2" law:
— TdS = dQ 9 Gm_; = TL”; (Jacobson 1995)
— Newtonian gravity as an entropic force (verlinde 2010)

-— -— = = - - —
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Aether:
a thermodynamic theory?!

* Black Hole Thermodynamics:
— Bardeen, Carter, & Hawking 1573; Bekenstein 1973

; A
dm = (%) d (I) + Qd.J + ddQ)

e Einstein’s gravity and 2" law:
— TdS = dQ 9 Gm_; = Tuw (Jacobson 1995)
— Newtonian gravity as an entropic force (verlinde 2010)

* Could gravity be the thermodynamic
description of a more fundamental theory?
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Back Hole Entropy and Dark Energy

» What if gravitational aether has a thermal
pressure? dM = TygdS — pdV
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Back Hole Entropyv and Dark Energy

 What if gravitational awmermal
pressure? dM =TgdS — pdV

* Let’s consider QG corrections to BH thermal
properties:

N _1.!'—;_; [ Ty ’ ( _T;} )_T
== — | l-a—+0| —/ ||
— Entropy: 16212 | Mp 2

_ _ g T T = fT5\]
— Energy/MaSS. M = 3Ty _1 i_'u',r- “ ( P )*

— Volume: v — ij- SCA)? =

Pirsa: 10050059 Page 61/78
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Back Hole Entropyv and Dark Energy

 Whatif gravitational aeth
pressure? AN =

a thermal

gdS — pdV

* Let’s consider QG corrections to BH thermal
properties:

_Mp [, Tu  of(Ta)]

— Entropy: MR T T O(J%)l

. _Mp [ ;T8 | ,(Ta)]

— Energy/Mass: M=ata ' TP, “"(.u;-*)*
— Volume: V= 2rocmpE = —L
3 bT'T;}

* Pressure becomes:

p=armMp Té
irsa: 10050059 Page 62/78
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Back Hole Entropyv and Dark Energy

* Could astrophysical source

* Cosmic Acceleration,
|

a=(-3.1+0.4) x 10% [Mg, /10 M_]3

_ M3 [ Ta (TR
— Entropv: P I TE | T My O(JF H
Py B P
. _ ML, .Te (TR
— Energy/Mass: M= |1+33p O(Jﬁlﬂ
— Volume: -_ 3 oo —

e Pressure becomes:

irsa: 10050059

| A _3'
— arMpT3 = c e
P Cx PLpy QX PDE.obs (60 JIE )age63/78.
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Multiple BH’s
and Effective Dark Energy

 multiple black holes:
|0g m«= ilog m} mass weighted
* Assuper-massive BH’s

grow, the effective
Ppe X M= decreases

 Using a model for
formation of
stars/SMBH’s o

mean BH mass (m)
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Outline

 “Why all these prejudices against a constant?”

* Reviving Gravity’s Aether
— quantum gravity
— degravitating quantum vacuum
— dark energy
— initial conditions

* Conclusions
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A theory of initial conditions!

* |In Horava-Lifshitz gravity, propagation
speed diverges at early times

irsa: 10050059 Page 66/78

limymch Afchm~rrri Derimmarer et eS| 1WA as=arf s




A theory of initial conditions!

* |In Horava-Lifshitz gravity, propagation
speed diverges at early times

* Thisyields a natural initial 3d surface,
where Bunch-Davies/thermal states
can be defined
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A theory of initial conditions!

* |In Horava-Lifshitz gravity, propagation
speed diverges at early times

* Thisyields a natural initial 3d surface,

where Bunch-Davies/thermal states
can be defined |

—>Scalar-invariant power spectrum

f00+ 190, T 167
H
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Conclusions

* |n facing the most transcendental puzzles in
cosmology: CC problem, Dark Energy, and
Singularity problem, we can:
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Conclusions

* |n facing the most transcendental puzzles in
cosmology: CC problem, Dark Energy, and
Singularity problem, we can:
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Conclusions

* In facing the most transcendental puzzles in
cosmology: CC problem, Dark Energy, and
Singularity problem, we can:

— Give up falsifiability/predictivity, OR
— Give up locality/unitarity

* The latter amounts to a revival of gravitational
aether with concrete (and so far successful)
predictions
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Gravitational Aether: ma zo0s
solves the old cosmological constant problem

* The metric is now blind to vacuum energy:

1 = PracGue -+ EXcitations

* |In order to satlsfy the Bianchi identity:
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= Eurther assume -incompressible fluid/ﬁ_;g_g_h_gg_:

Motivation: Tests of gravity severely constrain newdeg’s of freedom
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Gravitational Aether: wazows)
solves the old cosmological constant problem
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Landscape/Multiverse “solution” to
the CC problem

* Allthe possible choices of CC are realized in
the multiverse, and we happen to live in the
universesthat are habitable
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Knowledge grows bur is always limired:

Permmmmrad s
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Technical Naturalness

Knowledge grows bur is always limired:
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