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. ‘j ' '*What' is the n_atUre of dark _e_ner.gy:?

The standard cosmologlcal constant explanation

e suffers from an |mportant naturalness problem
» - e 1"‘*~(1O3eV) << MP. - s
. - - e ¢ — ’

Alternatlve models‘baqed on new physucs plagued by:
. classucal or quantum mstabnlutues .
e fine tunlng problems,

o mconsustencnes with Ipcal gravuty constralnts
- - - - 3 ’

. Large dl.s*tance modifications of gravuty suggested . i
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EM quantization in Minkowski space-time

1 A, — A, + 9N
=S=fd4 (——F FHY 4+ A JP") S Z
. 4" M H OuJh = 0

Gauge invariance

Oy FH = JH Maxwell’s equations

Coulomb’s gauge

Covariant quantization
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EM quantization in Minkowski space-time

Coulomb’s gauge Covariant quantization
[z L pv 4 A 1y 2 Iz
BpA =0 Lorenz condition S = fﬁﬁiﬂ (—EF,u.uF — = 5(3;.-,44 ) +A;.:J )
Modified action: only residual symmetry
Aﬁ- 7 A# + 3#9 Residual gauge l
09 = 0O symmetry
Oy FMY 4+ \OM(8,AY) = JH
, .
0 A — J Maxwgll s
L 1z t _ Free field + boundary
equations D(BVAH) =0 conditions= Lorenz
condition
_ - v(H)|p) =
AD = 0 Residual gauge oA |¢’J) 0
.4 = 0 (free fields) 1
L I — 2 physical
7 (ag(k) +ay(k))I¢) = O e
. Positive
2 physical states . . «— .
Positive energies SR no(k) = ﬂ||(k) gl
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EM quantization in an expanding universe

Covariant quantization

S = f d*z./g (—%FWF”“' + %(‘E’MM)2 + AHJ“)

VR 4 AV, AY) = ¢ | —| O(V,AY) =0

|

Non-conformally
coupled to gravity

N=0,||

afn)(fc') Z [CEAAI(k)a(%n (k) + ﬁ}.)\ (k)a(%n)f( E)]

U
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A toy model

Mode equations

Flat Robertson-Walker metric 7
AT [‘% —2H/ +4'H2] Aoy — 2ik [1 ol e — 'HA"k] -0
2 2 2 2 i 1 + A .
ds* = a(n)<(dn* — dz<) e — k2 A — 2ikA Aﬂk + HAgk| =0
Al + KA=0

super-Hubble

¢ 381 op e
a(n) = 2 4+ tanh(n/np) - Lorenz condition FAILS.
= ol
ng (k)
25
IN ouT
20
2
1%
a AL gy =0 9, A55H16) = 0
[}
Ul nf(k) =nft(k) =0 ngut(k) # nf“ (k) sub-Hubble OK
5 ot X
nj (k)
I - /
w— — ~
L E % 4 2 o 2 4 & 8 10 oz 04 08 OB 31 12 14 18 18

L k
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Problems with covariant quantization

An initial physical state is not
necessarily physical at a
later time

A possible solution: define
the physical states as:

Another solution: introduce ghosts

9,4 Mgy =0 — 9,42P|¢) # 0

VpAV (+)|q{>} = O, V?}' Pfenning, 2002
A

But this requires a previous knowledge of the
universe geometry at all times

s= [d*zyg (—%FHHF““ + %(v,uA“)? + g 8,EBye + A,uJ“’)n

Appropriate boundary conditions: T’\ T9 —
(Adler, Lieberman and Ng, 1977) (¢l ol + “‘*’M)) 0
*
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What if EM is not a gauge invariant theory?

Assume the fundamental

theory of electromagnetism is — / (_l Ny ﬁ Y2 p,)
not gauge invariant S d4$‘/§ 4FFWF + Q(V#A )<+ Apd

(no need for Lorenz condition):

General solution A,u — A’L(l) —|— Ai_(z) —|— AS + 6‘“;9
Y

Photon New Pure
The pure gauge mode can be scalar residual
eliminated so that all the physical state gauge

states have positive norm and
positive energy

Flat Robertson-Walker metric ( C,’

_~ o—ikn | Negligible:
a(n)ﬁ e — Maxwell’s eq. OK

0(V,AY) =0 || V4% =)

const kn <1

: -, DARK
| ENERGY
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EM quantization without the Lorenz condition

Ordinary QED recovered in Minkowski space-time

QED effective action: gauge fixing procedure

W = [laA)ldel[dllay][adle ! o (=RF P 3O b Oy Byt L

l Ghosts decoupled

~3Fu PR +3(9,A")2+Lr )

W = [laataniadie

Gauge non-invariant EM effective action:
no gauge fixing required
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A consistent gauge non-invariant EM theory
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Cosmological electromagnetic fields

5 . H=np/t
A 4+ HA=0 ::)

ATt 4+ Agt=3p
ATi=P 4 A~

Ao(t)
A(t)

d d, .
— [ — Ay =—(A HAg) =0
Z(VuAt) = S(Ag + 3HAQ) =0

|

Ap = (Ao(t), A®))

PAg

1 )\ 2 4
ri = 5 (4) =

% (Ag + 3HA0)2 = const. [—» -

—_— Isotropy OK
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The absolute cosmic electric potential

Ag

GeV

I.Ulg

What is the field
amplitude
generated \
during inflation? 10

lD_lz I

Lr

lo—lﬁ

\

Inflation

Radiation

What is the
predicted dark
energy density?

EM Dark Energy

September 16-18, 2009

Dark matters (UAM/IFT)

12



Quantum fluctuations during inflation

De Sitter inflation

A, = f B Y [a;\(k)A +al(k)A(‘l‘)}

. A=1,2,s
a(n) = “Hm
[ax(B), al, ()] = 6w 0@ (F - #), AN =1,2,s
Normalized
scalar mode
(s) _ 1 i ik 0N —ikn 12 2 ik : ke
Aok = _(2w)3z2\/_{ z n+k [2(1+“kn}e = KomeTE (2ikn) }83 :
(3) . 1 —kﬂ ) k : .E—.
AR = = \/_{(l-i-zkn)e ~ [Sem 14+ @ — ke k)| |
Power spectrum on 7

super-Hubble scales

k) = 4Ank>|Agy|? =
Pao(k) = ank=|Agp|™ = 7= 5
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Initial conditions from inflation

Initial conditions from vacuum
fluctuations during inflation

(A3) ~ H?

m2\*
H2 A3 : ~HE || Pag~ [
PAy ™~ o ~ const. PAg T 0

Friedmann equation
(M, scale of inflation)

M2\* _
PAG ™~ (M—;) ~ (1073eV)*

The cosmological constant scale

can be explained by physics at the
electroweak scale

Natural solution to
the coincidence
problem

Predicted
dark energy
density
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Stability and local gravity tests

PPN parameters

I = (167G)~" f [R + K, ,K"R + nK*K'R,, — ¢F ,,F*"

. Will, ‘81
+ TKHP,-KH"']{ —_— g)lﬁ, d4x + ING(qA! g“‘.)
- | + K[w = 202w + n — 1)/(2e — 1)] All parameters agree with
2 2 n ’ 0
1 - K*[ + 8°/(26 — 7] GR for arbitrary A,

B=10G+ ) + ol +7(» — 2)/G),

§=0, = =1
o, = 41 — [1 — (2e — 1)A] + 40K? Aq,
ay = 3(1 — )1 — %(2e — 1)A] + 20K? Aa — }bK?*/G,
ay={=0=0=0=0 a1 =ar =a3 =0

Classical and quantum stability

v = ¢ for scalar, vector and tensor perturbations. No ghosts.
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Arbitrary units

Cosmological perturbations

Same background as ACDM, but different perturbations

Scalar perturbations: ds? = 512(7?) [(1 + 2¢(n,x))dn — (1 — 21(n, x))dxﬂ

Perturbed fields SA, = (8 Ap(n, X), VIA(n, X)) b =1
Vector field perturbation in the radiation era e
b
TR 5,'—'10f}10 - ‘\ - | - /
: \f A P 13
" Iy H/
10 7 i : /
0tk . 1.1 ./,- =
7 kéAfAo Modifies the Integrated
10°F L1 Sachs-Wolfe effect
1070}
\ : 5 \ . L ! r: : L L 1+z
0.001 0.01 0.1 1 10 100 1000 1 100 10* 10°
o Beltran, Koivisto, Maroto, Mota, arXiv 0907.3648
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Cosmological perturbations

CMB angular & Matter
— O power spectrum d \ . power spectrum
L " o
— 400 ‘ . i’ H‘x\
& § = P g X
% =] Yo
= 3000 Increasing 6, ! ' ::“f 2 -
S " L. = iy ; \
: 200 B v ._"'- < j Increasing 4, \
Arges? 0t ', e, 0t
=~ 1000 L ST ' i
e T 5 | T A EEL FNE LA EL Al a4 |
10 w0 ot o o+ 1o o -1 10! 1o o
multipole £ k [Mpc™]
Modifications only in the pl/2
quadrup0|e EM dark energy 5= Tk
perturbation PAg
Compatible with CMB and LSS for:
6 Aok = k> 2
< 5x10 P = ——|§
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Pt 1” Y ' -.-: .'j . A '

K Lo (’fonolusmns ,ir ¥ * - _,;, g
N T g R
* Consnstent EM quantlzatlon wuth three physucal states
2 The new scalar state generates an effective cosmologlcal *
constant .

-V

Compatible wuth local gravity tests and free from classical
or quantum |nstab|I|t|es

: ‘}‘ . . . - Kl RN, . :

ﬁ,—-' Cosmological constant value naturally explained in the

Rk context of inflationary cosmology |
Ly N AR ol - :

Consnstent with CMB and LSS data wuth the same number .
of free parameter as ACDM

i - ' a N f W

Nature of dark energy is established without resorting to
new physics

h . . [ b x¥ : # \ Vault of the old Salamanca University Library
Lo - et Fernando Gallego (1440-1507
" o~ ' ) . i GAlleco ( )




EM quantization without the Lorenz condition

Quantizing the three physical modes:

A= [k Y [a;\(k)A )+ af (1) A
: A=1,2.s

Positive (Agﬂ,Ag’)) = i [ ax, { A0 g _ (o 400

normalization:

= 5,08k —K), AN=1,25

Canonical commutators: no
negative norm states

[ax(®),al, ()] = 68 (E - K), AN =1,2,5
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