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Introduction

Introduction

@ Accelerating cosmos
@ Dark energy

e Cosmological constant (CC), scalar fields, modified gravity

f(R), ...
o Always: CC

e Quantum field zero-point energy
o Phase transitions (electro-weak, GUT, ...)
o Non-zero minimum of scalar potential (inflaton)
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CC Problems

CC problems

Large CC expected: pj ~ & (102...10% GeV)4

Problem: No Big Bang universe.

o de Sitter with large Hubble rate H > Hg
e Big Crunch at early times

Standard way to get rid of p}'\: Add a counter-term

Ph+ 05 < R ~ (10712 Gev)”

Extreme fine-tuning needed: ph = —pSt almost perfectly
~» CC Relaxation

Why pm ~ pa now? Coincidence problem ~~ Tracking
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Outline

Outline

@ CC Relaxation mechanism
@ Tracking

© Perturbations

@ Evolution of perturbations

© Conclusions
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

CC Relaxation mechanism

e CC Relaxation: Add ppe component without fine-tuning

|oh + poE| < |}

@ Model in the AXCDM framework

Variable CC, pp #0

Equation of state EOS= —1
Interaction with another component: X
Here: X is identified with CDM
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Relaxation model

e Variable CC: Large constant initial CC 4+ dynamical part

PA = pf\ + g, (8 = const.
e Example: f = H? for today (close to de Sitter cosmos with

Hubble rate H, ~ Hy ~ 10742 GeV)

o Einstein equation:
B 3H? B T B

o Fix parameter § = —pj\ H?
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CC Relaxation mechanism Simple model
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Full model
Examples

Relaxation model

@ Solution

o P <1+”X_.”C>~,_ﬂ.:H2

Ph Ph

e What happened?

o
3H? ;B
pe=g = \PXtPAT 132

o f = H? becomes small at late times
o 3/H? gets large and compensates pi

@ Only the magnitude of 3 is important ~~ No fine-tuning
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Counter-term method

e Without fine-tuning in p§f

3 2

ct i
pe=g- G—px+p/\(1+p )ZO(M\)

@ No Big Bang universe!
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Stability

o Einstein equation in the case pj <0, (3 > 0)

3H?

i, B
Pe= g G~ <pother +pont+ 2

e ph < 0and 3/H? > 0 act in different directions until a stable
point is achieved:

piy < 0 ~ Hubble rate H \, 0 % > 0 ~» Hubble rate H ~
until % ~ ’p}\‘ until % ~ |p}\’
Dynamical relaxation without fine-tuning. )
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Matter and radiation epochs

Late-time de Sitter cosmos
f = H? works well

Matter era

Scale factor a o t3, deceleration g = —2/H? =%~ f~(qg-3)

Radiation era

Scale factor a o tz, g =1 ~ f~(qg—1)

Stabilisation similar to f = H?

(g —2) (or (g — 1) for radiation) will change slightly to

compensate pj with g ~ 3
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CC Relaxation mechanism Simple model
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Full model

@ Complete ACDM-like cosmos

~H2<;q> +y-72(1 4 ¢%) - H8(1 — q).

o Term H?(3 — q): matter era for small (3 — g), and final
de Sitter era for small H?

e Term y - H%(1 — q) for the radiation era for large H.
Parameter y ~ H_.* with the Hubble scale Heq ~ 10° Hp at
the radiation-matter transition.
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Covariant form

@ Function f in covariant form

; R
p/\:p}\—i—ﬁE with B:=R?>—-S+y-R?T.

Ricci scalar R = g?R,, = 6H%(1 — q)

Ricci tensor squared S = R,,R?® = 12H*(¢?> — g + 1)
Riemann tensor squared T = R,peqR?P%4 = 12H*(g? + 1)
Here: S and T can be replaced by R? and the GauR-Bonnet

term G: S, = %R2—%G, T. = %R2— G.
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CC Relaxation mechanism Simple model
Stability

Full model
Examples
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CC Relaxation mechanism Simple model
Stability
Full model
Examples
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CC Relaxation mechanism Simple model
Stability
Full model
Examples

Parameter (3

@ Mass scale M

18] = m°
@ (3 is fixed in the final de Sitter era with Hubble rate H,,
g=-1 ,
B = —pp9H;:

o Example: pi = O(M3)), H. ~ Hy ~ 10~ GeV

M = |8 = O(100 MeV)
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Tracking Radiation era
Matter era

Friedmann equations

@ Friedmann equations for H and ¢:

2 H2
H* = pT)(PerP/\err)
H?
gH* = po (2px—p/\+pr>
C

e Bianchi identity for X/dark matter (dust) and A:
pn+ px +3Hpx =0

o Radiation
Pr = Pro 3_4
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Tracking Radiation era
Matter era

Relaxation regime

o CC Relaxation means |pp| = |ph + g] < |ph|
@ Minimum of f = B/R in the radiation era (¢ = 1):

B = —12H* 4 2y - 24H*R? = 12H*(2yR? — 1)

B minimal for R — 1//2y ~ H?
@ R from Friedmann equations

6H
S < PX +2p/\>
P2 \2

c

Y
e (3px +2p7) — 1

Solve for pp!
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Tracking Radiation era

Matter era

Tracking solutions

Two solutions for pp

[y

px = ¢ [4ph — px £ [4ph + px|]

o Early times: px > |p}|

PN = P4 = p}'\ = const.

o Always tracking:

o Late times: px < |P}\| 1
, PN = P— = — 7 PX

u— ~ — 4
PN = P+ = 4PX

Tracking!
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Tracking Radiation era
Matter era

Conservation equation

AXCDM framework

@ Dark/X matter and the vacuum are interacting

@ Bianchi identity ~» Conservation equation
pa+ px +3Hpx =0

@ Tracking regime in the radiation era:

1
PN =5 PX

X and the vacuum scale like radiation

A, PX X pr=proa *
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Tracking Radiation era
Matter era

Example: ph = —10% p2

g10 - — -Vacuum>0
KeX - -—-  Dark/X matter
o Radiation
Baryons

4 6 8 10 12 14 16
log,,(z+1)
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Tracking Radiation era
Matter era

Relaxation regime

Matter era: g ~ 3

@ Friedmann equations

2 0

@ Vacuum energy

=)

B
12H?(3 — q) + 45HSy

prn = PA+ 7 A+

1

d(%/)/\ - %pr) tc
d = 12H3/(p2p), (dpj) <0




Tracking Radiation era
Matter era

Tracking solution

Two solutions for pp

3 2SR |
13dpjl

Only p4 relaxes the CC

1
PN = gpr

1
P+ = 6d

Tracking in the matter eral

Conservation equation

PA+ px +3Hpx =0 = px = pxoa 3—§pr

4

Deviation from ACDM are of order p, x a~
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Newtonian gauge

o Perturbed metric gap = gap + 0gap in linear order
goo =1+ 2\U(t,)?), 8ij = —5;j32(t)(1 + 2¢(t,)?)), goi =0

Gravitational scalar potentials: ® and W

@ Perturbed versions of
rabcv R7 Rab7 Gabv Rabcda Sa Ta cee

OR = 60424H®—6HV —2a72V?W—422V20—12H? (1 — q) ¥
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Varying CC term

Energy-momentum tensor of the CC

T = padh, with pp = pp+ B/f
oT, = 6", 6pA

R\ BR N
‘”’A—W(B)—B'BR

N := —(R?+ S)6R + R6S — y(R?T6R + R36T)
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Varying CC term

Relaxation regime

loal = |0 + BR/B| < |ph|

_ BR N Relax i\ N
omn="g gr  Olngg

Final de Sitter era with Hubble rate H.

Parameter 5 = —p}'\ng

BR R&* g2 R2
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Interacting X-A components

o Covariantly conserved energy-momentum tensor
T% = pxu’up + pprgTh:
@ Perturbed version
pi — pi(t) +dpi(t,X), i=X,N\, v — uv?(t)+ Ju’(t,X),

@ 4-velocity u?, 3-velocity perturbation v/

Y .
u? =03, 0u’ =~V = —dug, Ou' = duj = —av
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Conservation equations

e Wave number k = |k| in Fourier space

3 — —
W(t,%) = / (;’W)’; exp(—ikz)(t, k)

o Bianchi identity 75, =0

) ) ) ) k
dOpp + px +3Ppx +3Hdpx — ipxv = 0
k\ 2 k\? k k
OPA () — pxV¥ <> — ii (va> — i5H (va> =0
a a dt a a
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ®

Radiation

@ No changes in the baryon, photon and neutrino sector.

@ Radiation perturbations: Monopole ©¢, dipole ©1, ...

i .a
5TH =4p©0, 6T = 4/p,@1kJZ.
@ The evolution equations for ©g ; read
. .k
© = -+ 391, (1)
. 1k 2k
- 5w %o,
©1 3a( +eo)+3a92
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ¢

Einstein equations

® Perturbed 6G3 =81G T4,

. K\ 2
6HD — 6H?W + 2 <> & = 81G(dpp + dpx + 0pr),

a
k k20 (K
v’y = el - gl (5) @)
2
ﬁ% (g) (V+d) = fgpregzanisotropies
T

@ Neglect anisotropies, ©5 ~» ¥V = —&
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ¢

How large is dpp?

@ Einstein equations + conservation equations

4
5/)/\ = pxw + gpr(@o + Vv — 2@2)

- i[c'b +3H® — HU — HV — 3H2V]
8 G

Q V.09 < O(®) and pr, px, pa < O(pc)
5pn = O(pcP)
@ Relaxation regime

_ BR N Relax i N
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Gravity

Varying CC and dark/X matter
Perturbations Radiation

Gravitational potential ¢

How large is dpp?

5R N Relax N
= 2 O Rl iy = ®
"= B BR Olon) gg = Olre®)
N ped
— =05 1
BR ( pi ) <«

in addition BR & 9H2R?

Evolution equation for ¢

0=N=—(R*+ S)SR+ RSS — y(R®*TOR + R35T)
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Matter era
Final de Sitter era
. . Radiation era
Evolution of Perturbations

Gravitational Potential

g=1 H=2/(3t) < Heq, R=3H?, S = 9H* T = 15H*,
y = Hz;* part neglected.
N = —2R2%5R+ RéS
= —18H*[6® + 18HD — 6HW — 22 2V2(V + ®)]
= —6-18H*[® + 4HP] (with ¥ = —0)

0= N o ® 4+ 4HP has two solutions

5
3

® = const., ® ~ t73 will die out.
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Matter era
Final de Sitter era

. . Radiati
Evolution of Perturbations adiation era

Vacuum perturbations dpp

o Einstein, conservation and tracking (pp = 3p/) relations

4
opn = pxV+ gpr(@() + V¥ —-20,) +

2 . . . .

—~ [d+3H® — HV — HV — 3H?W
* 87rG[ * ]
= 4ppO9

Radiation equations (©g) = ® ~~ Vacuum energy contrast

1)
AR 4® = const.

PA
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Matter era
Final de Sitter era
Radiation era

Evolution of Perturbations

matter perturbations dpx

B 4 2 . .. )
box = —pxV¥ = 3p(460 + V) §EE[¢ HV — (W — (k/a) ¢}
2k?
~ b2+ — .
Px [ +3H§on a]

Sub-horizon modes, k/(aH) > 1: ACDM result
dpx 2k*d

a

px  3H2Qxo

Dark/X matter density contrast grows with scale factor a
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Matter era
Final de Sitter era

. . Radiati
Evolution of Perturbations adiation era

Gravitational Potential

Final de Sitter era
g=—1, H=H, =const., R =12H?, S = 36H* T = 24H*,
y = He_q4 terms neglected

. .1 [k\?
N = —18-36H* <D+5H<D+3<a> S + 4H?*d

N = 0 has two decaying solutions

1

®; = x*(sinx + x"!cosx)

. k 1
®y = x*(xlsinx —cosx), x:i=-—— o -

\/§aH a
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Matter era
Final de Sitter era

. . Radiati
Evolution of Perturbations adiation era

Vacuum and X/DM perturbations dpp x

For ® = &1 (®;, similar) we find

3H? (2 2
= —px® [ Zx3 — Zx%0
dpA pxP1 + 810G <3x COS X 3x 1>,
H2
opx = pxd1+ ;F—G (§x3 cos X + §x2¢1> .

A density contrast is decreasing

oen = —g(x4 sin x).
PA 3

No perturbative instabilities expected in the future
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Matter era
Final de Sitter era

. . Radiati
Evolution of Perturbations adiation era

Gravitational Potential

g=1 S=12H*and T = 24H*
Relaxation regime

o2

~ HZ, < H?, BR=9HR’ ~
2y

Numerator N

N

1 1
- <R2+S+2T> 6R+R55—§R5T

—24H* SR

. .1/ k\?2
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Matter era
Final de Sitter era

. . Radiati
Evolution of Perturbations erifipifien @rE

Gravitational Potential

N = 0 has two solutions

®; = 3box (sinx+x tcosx) = dg (3x 3+ O(x71))
0]

®y = 3box?(x tsinx —cosx) = &g (1 + O(x?))

k2
32H2o<ao<\[

The same solutions exist in ACDM, where radiation determines ®.

Only ®; has a regular early-time behaviour ®(t — 0) = &g

3
b ~t 2, &y — Oy = const.
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Matter era
Final de Sitter era
Radiation era

Evolution of Perturbations

Radiation, Vacuum and X/DM perturbations dp, A x

Radiation multipoles

©o(x) = c1cosx + casinx — d(x) 4+ 3Pox L sinx
O1(x) = (—cisinx+ ccosx — x®(x)) /V3

Tracking relation for dpx A

2 .
dpx = 40ppx — 3Pe ((8c1 + 12d¢) + 8casinx) = —4d0pp

Relaxation regime + ACDM initial conditions (c; = —3®g, ¢, = 0)

0 0 0
00X _ 40, — Son _ 9pr
PX PA Pr

Perturbations of A, X and radiation evolve in the same manner.
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Conclusions

Conclusions

@ Dynamical CC Relaxation model without fine-tuning

loal = {Ph + f’ < |ph|

@ Tracking relations
o Radiation era
PN= =g PX X Py

o Matter era 1

PN = gpr
@ Linear perturbations

o Gravitational potentials ® controlled by the vacuum

o No unexpected instabilities

o Matter era: Similar to ACDM with growing dark/X matter
density contrast
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Effective equation of state

Effective equation of state

EOS wefr of a self-conserved DE component ppg

@ Hubble rate H(z) of the relaxation model

e DM with standard dust scaling law px o (z + 1)3
® PDE = Prot — PX — Pr — Pb
1+z 1 dppe(2)

3 ppe(z) dz

weff = —1 +
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Effective equation of state

Effective equation of state
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