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» The “old” CC problem

The CC problem stems from realizing that the effective or
physical vacuum energy is the sum of two terms:

PAphys = PAvac T+ PAind

1 1
S = /d4 Jigl (R—=2A :/d4 J/ R—
EH 167Gy - xz |9|( vaC) x |9| 167 G n PAvac
N\
PAvac — 5 ~ Vacuum bare term in Einstein eqgs.
8T Gy

1 ~
Rab_EQabR = 8w GnN (<T£§3> + Tab) = —8m G N 9ab (PAvac + PAInd + Tap)

1

Quantum effects = paing = (V(¢)) + ZP




Nullpunktsenergie

® For the average energy of an oscillator of frequency w in equilibrium

with radiation at temperature 7', Planck obtained

hw 1
:efm/kT_1+§hw

L

E, — (1/2) hw for T" — 0 Nullpunktsenergie !!

Then Einstein and Stern also noted:

KT > fi ) E, o~ kT — (1/2) fiw+(1/2) hw = kT

classical limit

® [irst quantum implications of the ZPE date
pack to W. Nernst in 1916, and later by Pauli
in the 1920s and then in 1933
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acuum energy: zero-point energy and some cosmic numerology

* Zeldovich (1967) first raised the connection QF T «— A

N 7
PA

N
PA — (vacuum energy density)
TGN
First thought: PA X mg ~ 1GeV?t
3H; —A7 4
Impossible since pp ~p? and p) = —L ~ 107" GeV
8t G
Second thought: ‘
6 _ My —38 4
pr = Gm, = —5 ~ 10777 GeV
P

much better, but still unacceptable...
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Zero-point energy in quantum field theory in flat spacetime

JS, arXiv:1306.1527

Vapr(P) = iV + 2V + B2 v +

Real scalar field, one loop:

Vi) = (1/2) Ty hwre = (1/2) T hViE +m2 - =

1 [ &3k 1 [Avv
= 7/ ; Vk2 + m?2 dk k2\/ k2 + m?2

(27)3 T 4n?
B "&%V 14 m2 1 mt 1 iUV
= 7. 9 N 5 _|_ . os .
_I_G'j'l I'k'[_'l[‘fr —]: ﬁk_Uﬂfr T
' renormalization
4
~(1)renorm m ,-“1
'[, ( — 11 _|_ R
P 6472 m?2
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where

S ! 2 :
ViRt = hVE 4 0 = 2k (2 - 3)

4 2 :
1y (1) B m*h m 3
JOEraz: = pap) + Vgpr (k) = palp) + A(47)2 (111—2 - ;)

overall p-independent (RG-invariance)

|

dju 2 (47)2
We have found the expected result:
V(I)rem:nrm _ m In }ug
P 64712 m?
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‘Infla'rion and Cosmological vacuum decay

Consider the class of time evolving vacuum models following a power series
of the Hubble rate

A(H) — Cp —|—C1H—|—C2H2 —|—C3H3 —|—C4H4 + ...

Vacuum energy:  pA(H) = A(H) /(87 G)

.

ANH) =co+ coH? =Ny +3v (H” — HY)

I. Shapiro, JS (1999,2000,2009)

At low energy:
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Minimal unified model at high energy (early universe):

arXiv:1509.00163

S. Basilakos,J.A.S Lima, and JS { arXiv:1412.5196
arXiv:1307.6251

JS, A. Gomez-Valent arXiv:1501.03832 JS arXiv:1505.05863

H4
A(t) = co+ 3vH? 4+ 3a—
HI

.

: 3 5 Co H-?
H—b—§(1+wm)H 1—v 3772 oaHIQ =0

H*=(1-v)H;/a !

Hiyt

Inflationary solution:
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Solution:

N 1/2
H(a) = (1 o V) VD 3(1—11)[(11+ )
a°\ V) Urwm) ]
(1—v)2  Dg?(-v)(+wn)
pm(a) — P1I B 2
Y [D&S(l 1/)(1—|—wm)_|_1]
(a) = Ala)  1—v vDg3=0Fen) 41
YT 82G T T A [Datt e 11
Notice |22%| - v <« 1
pm(a)
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Generalization for H*T2-inflation

n—+2
L 2
ANH)=cy+3vH" 4 3 I
I
Possible link to RGE:
dpa 1 2 172 4 H°
= M2 H? + b H + ¢
din H? ~ (47)? 2. [a P b G




JS (GRF arXiv:1505.05863 )

INFLATION AND GRACEFUL EXIT

3H* = 871G (py, + pa(H))

OH + 3H? = —81G (Wi pm — pa(H))

l [ pala) = 2!

H(a) = — f(a)
(1 + a2n)'/" T
f(&) — (1 1 &2?1,) 14+2/n \ :
Joan Sola a=a / (leq



for a typical GUT scale Mx ~ 1019 GeV

& i~ My

expansion and thermal histories

a — 0 and f(a) — 1

4

pr =~ pr = const. and p, — 0

a(t) oc et
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Much later (when a > 1, f(a) — a*"**)

$

pr ~ at (a ~ tY?) pil) =

Thus we achieve |“graceful exit”

into the standard radiation epoch

for any n
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A semiclassical FLRW with running A

I. Shapiro, JS (1999,2000,2009)

= C,+ C,H?. JS, H. Stefancic (2005,2006)
PN 1 2 JS (2007)

1 Bianchi identity

PA + pm + 3 H(pm + pm) =0
(matter non-conservation!!)

1 Co xv= M2

127 M2
pm(z) = p, (1 +2)31=)

and dynamical vacuum energy.

pn(2) = pQ + 42m [(1 + )30~ _1



» Dynamical vacuum models

Al : AN = agp+asH?

A2 AN = ap+aH + arH?
Bl : AN = byp+bH

B2 : A = bo+bH+byH?
C'1: AN = ¢ H+ coH?

C'2: AN = cH+coH?

A. Gémez, JS, S.Basilakos arXiv:1409.7048 (JCAP 2015)
A. Gomez, JS arXiv:1412.3785 (MNRAS 2015)
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The global fit to SNIa, CMB and BAOs

Al: A = ap+aH® &= PA(H):JOA+_7TMP(H2_HO)
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A. Gomez, JS, S.Basilakos
arXiv:1409.7048 (JCAP 2015)



using SNIa+CMB+BAO,. data

Model Qv v € x2/dof  AIC
ACDM | 0.293 +0.013 - - 567.8/586 | 569.8
Al 0.2924£0.014 | +0.0013 £ 0.0018 - 566.3/585 | 570.3
A2 1 0.290 +£0.014 | 40.0024 + 0.0024 - 565.6/585 | 569.6
B1 0.297061 - —0.0145001% | 587.2/585 | 591.2
B2 0.300F0058 1 —0.003975005) | —0.0039T 003 | 583.1/585 | 587.1
SNIa+CMB+BAO 4 data
Model Qv v € Y2 /dof AlIC
ACDM | 0.292 +0.011 . - 567.5/586 | 569.5
Al ] 0.28240.012 | +0.0048" 0 (0 - 563.8./585 | 567.8
A2 | 0.283 4 0.012 | +0.0048 + 0.0031 - 563.8/585 | 567.8
Bl 0.28370 011 - +0.0051 0015 | 563.7/585 | 567.7
B2 0.2837001L | +0.0015T 002 | +0.00157000%0 | 563.7/585 | 567.7
C1 | 0.29640.017 | —0.189 £ 0.008 . 568.3/585 | 570.3
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SN /N, (107> M h/M, >10'34)
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Comparison ot the fractional difference o/ /N 1n the redshitt distribution of cluster number
counts of all the vacuum models with respect to the concordance ACDM model using the central fit values

A. Gomez, JS, S.Basilakos
arXiv:1409.7048 (JCAP 2015)



» Dynamical vacuum models with variable G

JS, A. Gomez-Valent, J. de Cruz Pérez
Astrophys.J. 811 (2015) L14

G1: A(H)=3(co + vH?)
G2: A(H, H)

2 :
3(co + vH? + 30 H)

Pm+3Hpy,, =0and p,+4Hp, =0

Bianchi identity: VH(GTHU) — ()

G(p?n + Pr + }OA) + GIOA =0

X% cf. Sahni, Shafieloo & Starobinsky, arXiv:1406.2209
(ApJ Lett. 2014)



Solution of the cosmological equations:

(E = H/Hp) ]
g 7
0 , £Q T—a
E*a) =14+ — |-1+a* -
@) =1t |l <“eﬂm)
1l —v J
— =1—veg, &= =11
g 1l — o ft g 1_%a eff

G(CL) — G CL4(1_£;) ~ Go(l -+ 4l/éff In CL)
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Overall data fit:
Ve Omh24+BAO+SNIa+CMB + linear growth+BBN

0.010

| ER = ¢20/2 > 111.6 ARIC > 9.43 |
0.008 -
: 10', 20',
{}_0{}6-
0-004-
{}.0{]2-
| QNDM — 276
0.000
' (Qm, l/eﬂ—‘) = (0.277, 00038)
o0l ]
0.265 0.270 0.275 0.280 0.285 0.2%90

QO
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> Akaike Information Criterion

H. Akaike, IEEE Transactions of Automatic Control, 19 (1974) 716
K.P. Burnham & D.R. Anderson, Model selection and multimodel inference
(Springer, New York, 2002)

2ny(ny + 1)
N —n,—1

& (N> np)

AIC = —21n Lonax + 21 = Xoin + 21

AIC = —2In Lyax + 21

ER = w;/w; = eRii /2
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‘Las’r results including more data (preliminary) ‘
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Model X ., Ve = 1 — & Y2 /dof AIC

ACDM | WMAPY9 0.299 + 0.003 - 605.47/634 | 607.47
G1 WNMAPY9 0.289 + 0.004 0.0007 = 0.0003 592.75/633 | 596.75
G2 WAIAPY 0.289 £+ 0.003 0.0008 £+ 0.0003 592.59/633 | 596.59

ACDM Planck 0.3095 £ 0.0010 - 658.11/634 | 660.11
Gl Planck 0.2920 4+ 0.0014 | 0.00092 £ 0.00008 | 625.03/633 | 629.03
G2 Planck 0.2918 == 0.0014 0.0011 £ 0.0001 623.08/633 | 627.08

Table 5: BBN-+SNIla+ f(2)og(z)+H+BAO,. (updated, with correlations)+(l,+Reoym B+ 2dec) X
(with correlations)

For Planck data, A;; ~ 35

%)

ER= ¢2ii/2 ~ ¢17 ~ 107
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