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Outlme

The universe is expanding. Observations indicate that its
expansion is speeding up.

* To account for this acceleration, a mysterious substance —
dark energy —is often invoked. The underlying physics is
unknown. This is often presented as a great mystery,

75% of the content of the Universe.

* Asimple explanation is to hand: the cosmic acceleration is
predicted and simply described by General Relativity (GR)
with a positive cosmological constant A.

* The standard model of cosmology (A\CDM) assumes the
presence of A and provides the best account of the present
observational data [Lahav-Liddle, pdg 2010] .

* Three objections to A are commonly presented, and
nourish the ‘'mystery":
- Einstein's greatest blunder
- The problem of cosmic coincidence
- The problem of QFT vacuum energy

* We argue that there is confusion, historical or conceptual,
in each of these counter-arguments to A.

E. Bianchi (CPT, Marseille) The cosmological constant (non)-problem 2/20


http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf
http://pdg.lbl.gov/2010/reviews/rpp2010-rev-cosmological-parameters.pdf

Part 1.
N\, Einstein's greatest blunder ?

“Much later, when | was discussing cosmological
problems with Einstein, he remarked that the
introduction of the cosmological term was the
biggest blunder he ever made in his life."

George Gamow, My World Line (Viking, 1970) p44.
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Einstein's greatest blunder

* 1916, Einstein introduces A in GR eqs for generality
* 1917, Afine-tuned to have a static Universe
* 1929, Hubble, observational evidence of
the expansion of the Universe
Story often told:
Einstein, and after him the relativity community,
rejected A as it spoils the beauty of GR just to
account for apparent staticity

The true blunder:
Einstein missed the prediction of the cosmic
expansion — before its discovery — failing to see that
- without A
- with a generic value of A
- even with fine-tuned A (because of instability)
the Universe is not static in GR

[ Einstein and Hubble at Mt.Wilson in 1931, Caltech Archives ]
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* Cosmological constant: integral part of GR  Sl|g| =

f (R(g) — 2A) V=3 d'z

* Two fundamental constants
G, = strength of the gravitational interaction
N\ = "zero-point' curvature of space-time
to be determined experimentally
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Cosmic acceleration: the discovery (1998)

Two breakthroughs enabled discovery of cosmic acceleration:

i. the demonstration that type la supernovae (SNe la) are
standardizable candles [ Phillips 1993 ].

ii. the deployment of large mosaic CCD cameras on 4m class
telescopes, enabling the systematic search of large areas
of sky, containing ~ 1000 galaxies, for these rare events.

By comparing images taken weeks apart, the discovery of SNe
at redshifts z ~ 0.5 could be ‘scheduled' on a statistical basis.

* |In mid-1990s, two independent teams took advantage of
these breakthroughs ( the Supernova Cosmology Project and the
High-z SN Search) to measure the SN Hubble diagram to much
larger distances than was previously possible.

* Both teams found that distant SNe are ~ 0.25 mag dimmer
than they would be in a decelerating Universe, indicating
that the expansion has been speeding up for the past 5 Gyr

* When analyzed assuming a Universe with matter and
cosmological constant A, their results provided evidence
for A >0 atgreater than 99% confidence.
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Cosmic acceleration: theory

* Friedmann equation:
13 2 STFG A_' ;"'1
a 3 p a2 N 3
* Def. density parameters
A SFG;\; P
; n:m;:tter D
3H2 3H?

() =

* Friedmann egn again

!1_}\ T Elmutter =1+ a2 H?2

* Acceleration equation

i 4nG N

a 3 (p+:3F)+%

To have cosmic acceleration d >0

- either positive A

- or admit that matter today can have
an exotic eqgn of state p+3P<0

H

d‘d
0e°

d@ﬂ%

gxpands forever
_———'_—.-—_-'--

Recollapses

[ in the diagram: pressureless matter today assumed, Liddle 2003 ]
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Standard model of cosmology (ACDM)
Lambda-Cold Dark Matter model
Observed values of density params today

Oy >~ 0.757+0.021  , Qe = 0.246 4+ 0.028

Hubble constant
Hy~ 7245 kms 'Mpe™' =~ (13.8 li:-‘rj,r-'r)_L

Deceleration parameter
1 ag
H[? iy
Radius of curvature k ~ 0.003 < 0.010

atHY
(much larger than Hubble radius) 2770

Success of Einstein's General Relativity
with A= (107 11‘1)_-3

Exciting mystery in the matter sector

ﬂtnatter = ﬂ]=:1Jf.\w.=.-'1:| tnatter_ﬂl:u]d dark matter

Qparyon = 0.042+0.002 , Qe durk matter ~ 0.204 + 0.028

Cosmic acceleration: obse

H

rvational status

| [ Kowalski et al. 2008 ]
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Observational techniques:

- Weak Gravitational Lensing
- Galaxy Cluster counting

Expands forever

Recollapses
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- Type la Supernova surveys (SNe) 4
- Constraints from CMB anisotropy |
- Baryon Acoustic Oscillations (BAO)

-
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Part 2.

Cosmic coincidence problem ?
Why .Qmat,t,er ™ EQA nOW—P
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The cosmic coincidence problem

* Standard ‘coincidence' argument against it RAAAG - BAAE A MAT ARSAS ARad
the cosmological constant scenario : :

‘matter

data indicate that we happen to live in a very o
brief phase of cosmic history when Qe ~ Q1 06

GUT EWK BBN REC |
- unlikely coincidence 04| : : : :
- clashes with the cosmological principle - \
| i ¢
* Matter density today . | }F | ;
: _. _. 30 —25 -20 =15 0
Pratter =~ 10 M. J.f'llpc-j ~ 107% g/m? l°g(a/a%
scales intime as a3 \ }now
* Cosmological const. = constant energy-density
A . 1000 ¢ pbaryon / pA !
o = TN ~ 1075 gf’m‘5 Lol !

10 ¢

* Argument used to argue that the acceleration
is in fact due to a fluid — dark energy — with
density varying with time and with exotic egn
of state P =w(a) p , w(a,)<-1/3
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Cosmic coincidence problem ?

Unlikely coincidence ? Very brief phase?
Probability arguments are tricky
and should be handled with care

Why should we assume equiprobability
on a logarithmic scale?

Equiprobability in proper-time (or in the
scale factor a ) is more reasonable

When this is done, the short phase lasts
for half the life of the Universe t,

Problem put back into perspective:
- not a fine-tuned coincidence
- issue of orders of magnitudes:

why do we happen to live in an age of the
Universe that is not many orders of
magnitude smaller or larger?

The cosmological principle cannot be applied
uncritically: quite reasonable that we can live
only during those few Gyr [Wweinberg1989, sec. V]
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Part 3.

The problem of QFT vacuum energies.

Do vacuum energies gravitate?
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QFT vacuum energy p,,. and A

* In Quantum Field Theory (QFT), the vacuum energy density
diverges quartically with the physical UV cut-off M,

3= ; y !
e = [ yhe) ~ BOME, , OITl0) = —pacg
Fl<Muy

Severe problem if it contributes to the effective cosmological constant:
ANg=AN + 877Gy pyac
the hypothetical contribution is enormously larger than the observed value of A

Aohs =~ (1[]2[; m)_“ , 8GN pp1 ~ [1[]_35 111]1_2

Open puzzle of QFT in the presence of gravity.
The problem pertains to QFT, not to GR with A. It is a mistake to identify A
with the vacuum energy. The problem does not affect the ACDM model.

® Pyacs iSitreal? can it be measured? does it gravitate?

Discussion 1: - Casimir effect
- Vaporization heat in solids
- Loop corrections to electrostatic energy in nuclei

* Discussion 2: Effective Field Theory, Naturalness, and subtraction
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Casimir Effect and Vacuum energy p, ..

Casimir effect: often presented as an
argument for the reality of vacuum energies

E(a) =k MA, V ke,
la)=nh" M V — — ¥
vt 720 a* .
In fact it probes only the dependence of AE on L —_—
external parameters = boundary conditions
F = —d—d.&E "4
£} 4

Physical argument: theterm »n 2 M}, V
does not contribute to the inertial mass of
the box, and therefore does not gravitate

Massless scalar field isa S3 Universe of radius @ [Ford 1976 ]
Static FRW background. Renormalized energy-momentum
tensor, vacuum state, depends on a

(@) = P d
AU~ 180n2 0t @) = {1102 &

It does not behave as a cosmological constant, P (a)= 1/3 p(a)
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shw and the heat of vaporization in solids

* 1911, Nernst at 1st Solvay conference:
do the zero-point energy really exist?

is there a physical process that o %)hw Enfrgy e = Etree
allows to measure the %h w ? \ : gﬂ;‘gjﬂ/ Z\
n=d o 7
* 1913, Stern, Born- VonKarman, n=3 : AE
in order to explain experimental data n=2\ " 1 /
on the heat of complete vaporization of n_1\ : T /

monoatomic solids, zero-point energy

Ey=3h \—5/ b
needs to be taken into account g ‘el e

* Notice that the process is only sensitive
to the ionization energy,

AE = -'E‘frce_%?_“‘-'I ’

not to the zero-point energy.
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Loop corrections to the mass of a nucleus

* [Polchinski 2006 ]: we know that in some situations, Y
loop corrections do gravitate. E.g., electrostatic 7
contribution to the mass of a nucleus.

Why the analogous loops should not gravitate in a e
vacuum environment?

e e
+ -
oy

* Electrostatic contribution to the mass of a nucleus: AE = 4— In(meRnue) Miue

AFE : ) FE .
~10° for Platinum ~ 3 %1072

’
A Inuc Mpue

for Aluminium

* From [ Dicke et al. 1964 ], we know that Aluminium and
Platinum have the same ratio of gravitational to
inertial mass to one part in 10%?

* Notice: only the Log part of the loop correction contributes

m
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A

cosmological constant problem in QFT ?

Why the mass of the electron is about 0.5 MeV and not much larger?

~ 107 % g/m* ~ (10_3@.—\-’)1 and not much larger?

why is py =
Y PA 87l

The statement often heard, that QFT gives the wrong prediction for A,
is not correct. It simply gives no prediction.

Standard QFT allows to describe how coupling constants renormalize
with the scale, not to predict their value

To be compared to the current paradigm in the hep-ph community :

Effective Field Theory = QFT + naturalness principle

Fruitful point of view:

- physical cut-off = scale of new physics

- low-energy dimensionful constants have the scale of the cut-off
( unless they are protected by a symmetry )

Natural value of the vacuum energy density (in flat space EFT)
PA ™ ;“u'f,.-v unless a symmetry protects it to 0

Does it gravitate?
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Ode to Effective Field Theory reasoning  [euesise)

* Quadratic (and quartic?) divergences in QFT are interesting ¥
as they can be used to extimate the scale of new physics . rr-:\? -
- [Dasetal 1967 ] Electromagnetic pion mass difference, 1-loop mao = 145MeV
QED quadratic divergence = prediction of the mass of the p ma+ = 150MeV
. 3
- [GIM1970] Quadratic divergent contribution to the mass mis —moo = =i ME,,

difference of K, and K, = prediction of the charm
Muyy ~ m, ~ 770MeV
- [201?] 1-loop quadratic divergence of the mass of the Higgs

= new physics at the TeV

- Quartic divergence of vacuum energy = ???

* Dangerous to extend flat space arguments
to curved space without the due care

* Notice that: for the EFT of gravitons + SM matter on flat Minkowski space,
the term of dim 4 (cosmological constant) decouples from gravitons

* [Maggiore 2010]: EFT in FRW Universe. Vacuum energy with subtraction as for
the ADM mass. Effect M?,,, H> compatible with present
constraints. It does not behave as a cosmological constant.
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General Relativity with a cosmological constant A
- Empirical adequacy:
The Lambda-Cold Dark Matter (A\CDM) model is today the standard model

in cosmology and is “"almost universally accepted by cosmologists as the best
description of the present data" [Lahav-Liddle, "The particle data book' 2010]

« Theoretical consistency:

- Nis a completely natural part of General Relativity
- It is no-more no-less mysterious than any of the other
numerous constants in fundamental theories

- There are open issues (e.g. why QFT vacuum energies do
not contribute to A, what happens during phase transitions)
but these pertain to other domains of physics, 0.0 =
not to the problem of the physical reason for the |
accelerated expansion of the Universe

[ Kowalski et al. 2008 ]
T T T P L e e L S e

* |tisimportant to keep testing the A scenario, and
continue to explore alternative ideas. E.g. parameterizations
w(a) =wy + (1+ aiﬂ) wy P = 'w(a.) P

wp = —1 +£0.2 uy = 0+1

Vi

= see [ Kolb et al., The Dark Energy Task Force ]
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“Arguably the greatest mystery of humanity today
is the prospect that 75% of the universe is made up
of a substance known as dark energy

about which we have almost no knowledge at all.”
L. Calder, O. Lahav, Physics World 23 (2010) 32-37

“Dark energy remains a mystery.
[We are] frustrated by the lack of
theoretical candidates for [it].”

J.A. Tyson, Nature 464, (2010) 172

This is exaggerated.
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Summary

* We must keep testing the ACDM scenario
and continue explore alternatives ideas.

* But to say lack of theoretical candidates"

or 'great mystery" for the cosmic acceleration,
is badly misleading.

* |t is especially wrong to talk about

“a substance "

It is like saying that the centrifugal force that pushes out from
a merry-go-round is the effect of a “"mysterious substance".

* The acceleration in the cosmic expansion is
well-understood and well-accounted for,
by current fundamental physical theory.

* |Itis not due to a vacuum energy or a mysterious substance:
it is a long distance repulsive force due to the intrinsic dynamics of geometry .

* No great mystery here!
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