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e Cosmological constant and Dark Energy

e Variable CC and effective EOS

e “AXCDM"” cosmologies

e DE perturbations and cosmic coincidence

e Variable CC models versus experiment
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A In QFT: the Vacuum Energy

& Action integral for a scalar QFT:
S[¢) = [ d*a /=g £(6,0u9)

L= 04000~ Vi1 1(9)

<& Matter field energy-momentum tensor:
2 0S5 oL
=2

1
= | OupOv — Egﬂu O 0%¢| + Guv Vet f

& For static equilibrium configurations =

<Tyw >=gw < Ve_f_f >
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T he many Cosmological Constant Problems

In the SM, /\Dh = Ny +/\SM

¢ Problem I

(Asm ~ _10°  1(55)
The “Classic’ CC Problem: Nonh — 10—47 —
Why the induced and vacuum counterparts of the

CC cancel each other with such a huge precision?

F. Bauer, JS, H. Stefancic
PLB 678:427-433,20009.

e Problem II: see Florian’s talk

' - . AP ] J.Grande, A. Pelinson, J. Sola,
The (first) “Coincidence” CC Problem: Phys.Rev.D79:043006,2009.

ICAD N7195-00N7 O2NN7
AT Ui LZ£.UUIi ,,£UUi .

VWhy the observed CC in the present-day Universe JCAP 0608:011 2006.

iIs so close to the matter density p?

PR

coincidence ratio now: |r 5
Pm

= O(1)

Wl

0
_Q/\N

O_

M




e Problem III:
The “nature’” of the the CC Problem:

In more recent times the notion of N has been
superseded by that of the DE. The latter is more
general and involves a variety of modeils leading to

an accelerated expansion of the universe in which

the DE itself is a time-evolving entity. These
models include dynamical scalar fields (quintessence...
and the like), phantom fields, braneworld models,
Chaplygin gas, holographic dark energy, cosmic
strings, domain walls...

What is, then, the true dynamical cause respon-
sible for the DE?
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¢ Problem 1V.

The (second) “Coincidence” Problem:

Present observations seem to indicate an evol-
ving DE with a potential phantom phase near
our time.

If the dark energy behaves phantom-like, why just
now?
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» “’Canonical’’ definition of Dynamical Dark Energy

One popular possibility is the idea of quintessence,
where there is no “true”’ A

The total energy-momentum tensor on the r.h.s. of
Einstein eqgs. is the sum

o — M D
Ty =Te + Ty,

One assumes that both tensors are separately con-
served, and so y#1,, = 0 is equivalent to
M dp
vt T =O<:}>E+3H(p+p)=0,

and (unmixed conservation laws)

) d D
W“Ti;=0’<:f dpt + 3H (pp+pp) =0



Pq radiation Various Forms of DE versus matter
\

matter v

phantoﬁq matter
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Question:

Can a dvnamical DE still be A7...

!

Need running A ||
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Variable A

e For variable A, the conserved quantity is not the
matter energy-momentum tensor 7, but the sum

Tpv = L + G PA (t) . ?P" Tpv ==

By the Bianchi identities, A is constant <= the matter
T, is individually conserved (7*T,, = 0)— in particu-
lar, pn = const. if T, = 0 (e.g. during inflation).

e From FLRW metric
2

ds® = dt® — a°(t
s ()(1_H

we may compute explicitly the local energy-conservation
law v“’fm, = 0. The result is an equation allowing
transfer of energy between ordinary matter and the
dark energy associated to the A term :

d
;tn+ +3H(p+p)=0,

+ r° df? + r? sin? eddﬁ) ,

(mixed conservation law!)



Running A from Planck Scale Physics

¢ One may expect that the RGE of A is totally dom-

inated by sub-Planckian masses:

d/N\ 1 . 1 o
= i ﬂlfz' vee . — iH ﬂlfz_
dinp (4m)? ;C A = ;C "
(p = H)
— 2 a2
B (4:'7)2 oH"M" + ... I.L.Shapiro, J. Sola.

with

M = \/Z ¢ M? .

JHEP 0202 (2002) 6
Phys.Lett.B475 (2000) 236.

I.L.Shapiro, et al
Phys. Lett. B574 (2003) 149

J. Sola
J.Phys.A4 (2008) 164066

e Provides a natural explanation for the geometric

mean puzzle:

A ~ /pp pg =V Mp* H* = Mp? H?
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A semiclassical FLRW with running A

oy 2
H? = (E) _ BTG A + H2QU(1 + 2)?

a 3
dA dp
4+ T 4+ 3H —0.
= + = + (p+p)
d/\ 1 5 5 3 5 5
= NP H?2 4+ =" Mp2HZ
dn H  (47)2 ZZ:C* A an

a M2




Running cosmological * " constant"

The (bare) vacuum-to-vacuum part or ZPE in
dimensional regularization (one-loop):

—1
= (1) L, 1 4 d77k 72 D
VY =3 Zhe, = - EVE2 +m?2.
vac ; > k > (271‘)”_1 \/ T
(n — 4) m*h [ 2 | 471'#/2 n 3\
p— — —|In —
64 72 k 4 —n m2 B 2)
4
“IrQ 1 . HVaC — m ( 2 n frr_f\ﬁ\
In the M S subtraction scheme: N = e a\g—, TInd4r—1E)
;o= Nace Y 1 s5,vac (L) e
Yvac — PA \MJ) T OPA I Yvac \M)
4 — .
vac m”h M S-renormalized

vacuum value




O _ n—4 ( vacy N\ | <. vac)
PN — M kp (i) 7+ op )
A 1 —~
\/AC /7 N\ mh / 2
= pon (W) T——F | =
04r< \4 —n
Since dp/dInp=0 =
dpVac 4
PA =
alnp 32~ o

RGE for pp |




Induced contribution:

m’_) 1 2 A 4
U(g) ="+ (m2<0)
2 41
—6m? U($)) = _3m? (SSB)
(p) = 3 T2
2 2
my = —2m 1

A= 3m12g/v2
Quantum effects— p-dependence:

Verr(¢) = U(g) + AV D (4)

. 1 / ) /\QDQ\ 2T (,7712 + /\\¢2//2> 3'|
V() = —— [m2+ 227} |in _ _ 2
472 \ 2 02 2|



dpp

Jin g = BA(P, 1),

for the various running parts of pa.
This may eventually lead to fundamental ex-
planation for phenomenological time-evolution

dp

I

F ) )
lt 7 v\ / LvaeL /7 1 I N\

Usually this kind of expressions are postulated
in the literature, for some suitable F..

Joan Sola (UB)

I.L. Shapiro, J. Sola,
arXiv:0808.0315 [hep-th]

I.L. Shapiro, J. Sola,
Phys.Lett.B475 (2000) 236
JHEP 0202 (2002) 006



However, “running” is NOT just u-dependence...

In particular, for the ZPE

7 2
vac l m n m=

() — ,Vac(, . (1n
vaclp) = pNp) + =—5 | In .2
\

L

N | W

\
/
/
In the absence of a non-trivial metric, i.e. In

flat spacetime, u-dependence reflects no evo-
lution, just RG-invariance under renormaliza-

tion

dpR2© m* m*h pd
=_——>h = pru) = o (ko) — =5 I3
dinp 327 o4 7

U

vac — PA



A% for m = 0

D Vo A2p% Ap2/2 3]
Veff(¢)= . + ~——~ D |In IS) _:l
41 2567 | pf 2|
d)\ 32 RN A )
pt =L = s | AW =—r 0
dp (4m) ., 3w, p
1 — 11
3272 (2

PN A(
Alp) T Py
(r= % In

Explicit and implicit y-dependences cancel out!

...but the implicit one carries dynamics:

o
N—

B—q




Reasonable...but

not so easy in cosmology !!!

I"L_> f(q7p7R7H7 1/t,Z,..).
\QED, A2 ..
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Let us move to the cosmological case, within
QFT in curved space-time. Let us show
possible sources of dynamical quantum effects,

| = —12H? 6 = -3A-3H2,
/

_|_

@|9-
Nl N

R=—6
\

SENINSH

Evolving background, H = H(t)

U

Dynamical curvature = enables physical run-
ning from quantum effects

w— q > |u — H in cosmology?,,,
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Renormalizable action in QFT in a curved

background:
Svac = Sgg + SHD
S = fd4a;\/7 (1 R+ )
EH = | g \167r G p/\)

Syp = /d4a:\/—g {alCQ + arF + a3l0R + a4R2}

S = Svac ‘|‘ S¢

[ d*xv=g {g" 60,6 + m?6? + ¢Ro?)}

N | =



Local quantum effects
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We expect from covariance that
the general form is

PR (H) = pR + B M (H? — HE) + O(H?)

I.L. Shapiro, J. Sola,
arXiv:0808.0315 [hep-th]

AnalAn wiith ~A rmahs anAarmalhs ~aco
MAliail Yy vviLlil LU rialy a vilidaly LadotT
(Starobinsky’'s inflation), also suggest it = J. Sola
1 Dhyvic A N1 (ONNON1&ENNAA
riiys A “+ 1L \LUUO}LU"I'UUU,
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“DE picture” versus “CC picture”

e Observations leading to the EOS of the DE

rr /

are sensitive to the function H = H(z)

e We can describe a variable CC model with
mixed energy-conservation law as if it would be

a dynamical DE model with unmixed EC-law.

e Let us assume there is an underlying funda-
mental dynamics

pa(z) = pa(p(2), H(2),...), G(z) = G(p(2),H(2),...)

d

H2 87TG H. Stefancic, J.S.
N — (p+ pA) Mod. Phys. Lett. A 21 (2006) 47




Solving the conservation equations in the DE
picture:

pm(z) = pm(0) (1 + 2)"

a=3(1+wn) (wn=1/3 or wy =0)

and pp(z) = pp(0) ((2)
() = exp{ / Az /1‘|‘WD(Z’)}
ence wp(z) =-143 1+z gg

H?(2) = Hg [$8; (14 2)* 4+ (1 - 8)) ((»)]

(flat space)
(A = Q5 — )



= “"Matching condition” of the two pictures:

H2(z) = H3(2)

HE [s“‘z%,l 14+2)2+@a-0%) _c(z)] = H3(2)

Matching generates an “effective EOS" for A:

d
werr(2) = 1+ 312 ¢




Effective equation of state for the variable A
as a function of the redshift: weff = wefr(z; V)

H. Stefancic, J.S.

Phys. Lett. B624 (2005) 147

AQD 3v
M7 0 pA= PR+ 22 MP (H? - H})

0 3(1-v) _ &0 3
weff(2) = —1+(1-v) 2 (1 2) P2 (L 2)

Q0 [(142)30-) —1] - (1 -) [, (1 +2)3 - 1]

AQMZO

Q% (1423 |[(1+2)73 —1]

= —14(1— '
werr(2) + V)l_y—QR/[+Q%4(l+Z)3 [(1+z)‘3”—1+4

N0

2—1—3y;—f9‘if(1+z)3 In(1+ 2).



(case v <0; v

£4

08

[E%]
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AQy =0 AQy #0

wn

H. Stefancic, J.

hvwe | o
nys. L&

~+
~+




NEXT STEP?...........

Running cosmological parameters
and dynamical dark energy component?

The “AXCDM” model

J. Grande, H. Stefancic, J.S.
JCAP 0608:011,2006
Phys.Lett.B645:236-245,2007.
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In the AXCDM case, with G = const. and
separate conservation of matter and DE:

pp+apppH =0, ap=3(1+ we)
with PD = PA T PX

4 A\

cosmological “constant” contribution contribution

y _p/\"PX__l_I_} ax pPx
. = —
PA T PX 3 pPD
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» General stopping condition

@) =8
O 0
'r'(a)_ SOl . [ A - a 3wy —e)
(1- mQQ,, wy—e Q% (1-v) wx—€

€ = I/(l —+ 'wX) (nucleosynthesis parameter)

1 (Maximizing)

QO—I/
wy (2 —I—VQ )— e(1—Q9\)>O’ (1+wx) (QR—V) <0
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Nucleosynthesis Constraints

At temperatures 7' S 0.1 MeV the weak interactions (responsible for
neutrons and protons to be in equilibrium) freeze-out. The expansion rate
IS sensitive to the amount of DE, hence primordial nucleosynthesis can
place stringent bounds on the parameters of the AXCDM model

Define 1 = PD = PATPX
Pm Pm
~ S T
$2p = 147
Then Qp <10% <—r <10%




Evolution of the Ratio

14 - T - T ' l

-0.75 0.625 05 -0.375 -0.25

Evolution of r for wy = —1.85, 2, = 0.75 and
different v



Cosmological perturbations (II)

(including ép)

J.Grande, A. Pelinson, J. Sola,
Phys.Rev.D79:043006,2009.
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Generic time-varying CC models versus observation

S. Basilakos, M. Plionis, JS,

2) Power series model (Apgq)

A(H) = n1H + noH?

3) Linear model (Apgo)
A(H) o< H

4) Quadratic model

Al TT\ - TT2 o
IN\11 ) X I1 ()(pT

5) Power law model (A, )

ANH)xa™ "
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AN a = ——

I.L.Shapiro, JS.
JHEP 0202 (2002) 6
Phys.Lett.B475 (2000) 236.

S. Basilakos
MNRAS 395 (2009) 2347

n 7

C. Carvalho et al (1992
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Geometric probes: standard rulers and standard candles

Standard Rulers: CMB4+BAO

Direct measurement at z = zo)yp =~ 1090
2/3
(p) = Y |1 __da
“<*\rF/

[22E(as)]/3 "% a*E(a)]

Geometric mean of the visual distortion of an speherical object

=

in two orthogonal directions Indirect measurement of BAO a
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'Constitution set' of 397 type Ia supernovae of

Standard Candles: SNIa Hicken et al.(2009)

d
©w=m — M = 5logd; + 25 , dL(aap) — gfal yQHy(y)

(distance modulus) (luminosity distance for flat space)

Joint likelihood analysis:

2 2 2 2
Liot(P) = LBao X Lemb X Lsnia € | Xiot(P) = XBao + Xémb + XENia
2
5 _ [R(p)—1.71]2 2 (p) = [A(P)=0.469]
Xcmb(p) - : (8.)0192 ] XBAaO\P/ = 0.0172

(p)_2351 ,u (a’wp) ,UJObS(az)

)

XSNIa



Indicator of structure formation: galaxy clustering rate

We know that at distances below the sound t

o A~ nNnartiirhatinne ara nenlinlao
i UU MLl LUl VA LIVIio di o lI\,yllsl\,.
J.Grande, A. Pelinson, JS,
= 5Pm/Pm Phys.Rev.D79:043006,2009.
For 6p — O,
™N 1 /ATT AN\ T |_IO ATTAH /'\-|ﬁ_/\n _ /\
D+ QRHA+Q)D— |- —-2HQ - Q| D =Q0nm Q(t) = —NA()/pm(t)
L £ il

where 6, is the gradient of velocities

for the DM particles

Thus, for negligible DE perturbations and and negligible velocities
of the DM particles,

D+ (2H+Q)D — ?—QHQ Q| D

Clustering rate:

fl@)=14R) o f(z) = -(1+2)TZE




S. Basilakos, M. Plionis, JS,
arXiv:0907.4555 [astro-ph], to appear in PRD

I ] | I I
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FIG. 4: The expected cluster redshift distribution (left panel)
and the corresponding fractional difference (right panel) of
the Are (upper blue curve) and A, (lower magenta curve)
models with respect to the standard A model.
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FIG. 6: The expected cluster redshift distribution (left panel)
and the corresponding fractional difference (right panel) of
the Are (upper blue curve) and A, (lower magenta curve)
models with respect to the standard A model for the case of
a realistic (future) SZ survey with a flux limit of 5 mJy.



