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Introduction

Interacting ?

/\Vfry constrained!

Atoms Dark
4.6% Energy
12%
Dark
) Matter
Interacting ? 23%
Allowed! Interacting ?
Allowed!
In this TALK!
For one parametrization

Non adiabatic instabilities
Cosmological constraints

Laura Lopez Honorez (UAM-IFT) Dark Coupling July 2 2009 2/24



Background equations - The coupling

@ Evolution equation for cosmological

fluids : ACDM model wy, = —1
pi+3H(pi +pi) =0
Pi = Wipi
o
Pm
Pr
Pde
107 a 1
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Background

Background equations - The coupling

@ Evolution equation for cosmological
fluids :

pi +3H(p; +pi) =0
Pi = Wipi
@ Evolution equations for a Interacting
DM-DE System (see also Ureiia talk) -

Pdm +3Hpgn = 0
pde +3Hpa(1+w) = 0
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Background

Background equations - The coupling

@ Evolution equation for cosmological
fluids :

pi +3H(p; +pi) =0
Pi = Wipi
@ Evolution equations for a Interacting
DM-DE System (see also Ureiia talk) -

pdm + 3dem = 0

e we took w constant and w < —1/3
e 0 encodes the interaction
e (O changes the time of M-Rad equ

Laura Lopez Honorez (UAM-IFT)
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DE-dm Coupled model

wge = —09and O < 0

July 2 2009 3/24



Perturbations and instability General

Density perturbation equations

The growth of a perturbation d; = dp;/p; depends on three contributions :

0; o} , . }
play Bi; + F(pj» 65, 6537 # i)

57 = A,
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Perturbations and instability General

Density perturbation equations

The growth of a perturbation J; = dp;/p; depends on three contributions :

leadswhen A,B negligible

4

if + (f(pp O O5id # i)]

(Anti)Damping

Exponential
Growth or Oscillations

A and B > 0 can give rise to unstable growth of ¢;.
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Perturbations and instability General

Density perturbation equations

The growth of a perturbation J; = dp;/p; depends on three contributions :

leadswhen A,B negligible

4

if + (f(pp O O5id # i)]

(Anti)Damping

Exponential
Growth or Oscillations

A and B > 0 can give rise to unstable growth of ¢;.

In the case of DE-DM coupled models :
@ 04, and 04y, growth are NOT independent
@ A and B depend on Q through p;(Q) and §P(Q) contributions
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Perturbations and instability General

Origin of instabilities in coupled models - 6 P sector

@ Adiabatic processes :
2
O0Pge — €400 Pde

2 Pge 2

Code = — which forw = cst, ¢, 45, = w
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Perturbations and instability General

Origin of instabilities in coupled models - 6 P sector

@ Adiabatic processes :
2

O0Pge — €400 Pde

> _ Pae

Cade =
Pde

2

which forw = cst, ¢ 4,

=w

~> Instability as cﬁ 4 < 0, pressure no more counteract gravity
see e.g. Bean, Flanagan and Trodden *07 AND
slow-roll suppression see Corasaniti talk
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@ Adiabatic processes :
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O0Pge — €400 Pde

> _ Pae

Cade =
Pde

2

which forw = cst, ¢ 4,

=w

~> Instability as cﬁ 4 < 0, pressure no more counteract gravity
see e.g. Bean, Flanagan and Trodden *07 AND
slow-roll suppression see Corasaniti talk

@ Non adiabatic processes :
In the rest frame of 1 : §P; = ¢2,5p1 # ¢2,0pr1,
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Perturbations and instability General

Origin of instabilities in coupled models - 6 P sector

@ Adiabatic processes :
2

O0Pge — €400 Pde

> _ Pae

Cade =
Pde

2

which forw = cst, ¢, 45, = w

~> Instability as cg 4 < 0, pressure no more counteract gravity
see e.g. Bean, Flanagan and Trodden *07 AND
slow-roll suppression see Corasaniti talk

@ Non adiabatic processes :
In the rest frame of 1 : §P; = ¢2,5p1 # ¢2,0pr1,
In any frame for coupled DE-DM :

5Pde = 6Pde(63dg7 5pdea nge? w, d)

— 0 -
where d = THpa (15w) 1S the DOOM FACTOR
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Perturbations and instability for a parametrisation

Linear perturbations treatment- Model Parametrisation

To deduce the evolution of perturbations, we need a
lagrangian or a parametrization at the level of the stess-energy tensor

VT, = Qui™/a,
ViTlo, = —Qu™/a,

Valiviita, Majorotto & Maartens ’08
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Perturbations and instability for a parametrisation

Linear perturbations treatment- Model Parametrisation

To deduce the evolution of perturbations, we need a
lagrangian or a parametrization at the level of the stess-energy tensor

VT, = Qui™/a,
ViTlo, = —Qu™/a,

Valiviita, Majorotto & Maartens ’08

o Conservation of the total stress-energy tensor V77, 0,

(TOT)v —

o ul™ is the 4-velocity of dark matter ™ = a(—1,vy,)

~+ no momentum exchange in the rest frame of dark matter.
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Perturbations and instability for a parametrisation

Growth equation - Doom factor - Instability

leadswhen A,B negligible
S ™
a’ + (—7:(01'7 8, 65 J # i)J

(Anti)Damping

Exponential
Growth or Oscillations
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Perturbations and instability for a parametrisation

Growth equation - Doom factor - Instability

leadswhen A,B negligible
S ™
a’ + (}"(pj, 8, 65 J # i)J

(Anti)Damping

Exponential
Growth or Oscillations

In the Strongly Coupled case of V TE oy = ™

at large scale-early time in an unstable scenario :

/
. Sae (62, —w)  3(1+w)
8" ~ 3d (&2 1 30de \Cs de 5[d
de (CA de + ) ( + az 6%515» + 1 + a2 [ ] +

/a (i.e. when | d| > 1)
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Perturbations and instability for a parametrisation

Growth equation - Doom factor - Instability

leadswhen A,B negligible
S ™
a’ + (—7:(01'7 8, 65 J # i)J

(Anti)Damping

Exponential
Growth or Oscillations

In the Strongly Coupled case of V T( doyy = —9 u! /a (i.e. when | d| > 1)
at large scale-early time in an unstable scenario :

/
. Sae (62, —w)  3(1+w)
8" ~ 3d (&2 1 30de \Cs de 5[d
de (CA de + ) ( + az 6%618 + 1 + a2 [ ] +

Assuming ¢ c . > 0:d > 1~ Non adiabatic source of instability J

see also Valiviita - Majerotto - Maartens '08 & He - Wang - Abdalla *08 & Jackson - Taylor - Berera *09
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One example : Q = EHpye

£

@ Doom factor : d = ) strong coupling regime = |¢| large

STABLE when £ and 1 + w have opposite signs

see also He - Wang - Abdalla *08 & Jackson - Taylor - Berera *09

For Cosmological constraints, we consider ¢ < Oand 1 +w > 0
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One example : Q = EHpye

@ Doom factor : d = m ~~ strong coupling regime = || large

STABLE when £ and 1 + w have opposite signs

see also He - Wang - Abdalla *08 & Jackson - Taylor - Berera *09
For Cosmological constraints, we consider ¢ < Oand 1 +w > 0

@ Datasets considered for constraints : Run O

WMAP 5-year

prior on the Hubble parameter of 72 + 8km s~'Mpc~' from HST
H(z) data

Supernovae
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One example : Q = EHpye

@ Doom factor : d = m ~~ strong coupling regime = || large

STABLE when £ and 1 + w have opposite signs

see also He - Wang - Abdalla *08 & Jackson - Taylor - Berera *09

For Cosmological constraints, we consider ¢ < Oand 1 +w > 0

@ Datasets considered for constraints : Run 1

o WMAP 5-year

e prior on the Hubble parameter of 72 + 8km s~ !'Mpc~' from HST
e H(z) data

e Supernovae

e Matter Power spectrum (or LSS data from SDSS LRGs)
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Model O = £H pge

m

& — QEIO) degeneracy

0.12

0.1

-16 -14 -12 -1 g0.8 -06 -04 -02 0

Dark Coupling July 2 2009 9/24



0
& — QEI) degeneracy

m

For £ < 0, |¢] large o
~~ more 4, (a) in the past for o 0%
the same value of ngrz o0

~ more clustering

~ less Qg:rz needed "

-16 -14 -12 -1 g0.8 -06 -04 -02 0

LSS data ~~ stringent constraint
due to enormous galaxy clustering for £ < —0.5
(up to og > 2 compared to WMAPS analysis og = 0.812 £ 0.026)
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¢ — f, degeneracy

I I I =0 :n,-0.4 v
- = =-024 m=0.4 eV
(O) 100 F 4=-024 :=u E
f QR S om, 1 o e
YT 02 T 932eV 02
Qdmh Qdm h & o} 3
&
Non relativistic neutrinos suppress &
the growth of §4, at small scales 000 increasefy E
For f,, # 0 the power spectrum
. . 100 | | | 1
is reduced with respect to f,, = 0. ooor 0gor 00 e L
o
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¢ — f, degeneracy

I I I =0 :n,-o.q oV
ok [ e:-u.eo m,:tu o |
(0)2 o -
£ = W'h > my 1
= = .
02  93.2eV 002
Qdmh Qdmh % o more?eganve |
Non relativistic neutrinos suppress =
the growth of §4, at small scales 1000 increasef E
For f,, # 0 the power spectrum _
is reduced with respect to f,, = 0. oot 520 °-:;‘[h,pc_?]!‘ i

~+ Can be compensated with more negative &

see also Bonometto talk
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¢ — f, degeneracy

0.3

e oV Ym, 1
v QO p2 ©93.2eV 0O

Non relativistic neutrinos suppress
the growth of §4, at small scales

For f,, # 0 the power spectrum 0
is reduced with respect to f, = 0.

-16 -14 -12 -1 -08 -06
g

~+ Can be compensated with more negative &

see also Bonometto talk
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Viable parameter space in & — w plane

In the instability-free region { < O and w > —1:

-16 -14 -12 -1 EO.S -06 -04 -02 0

~ Present data are unable to set strong constraints on £ - w,
and large values for both parameters, near -0.5, are easily allowed

opez Honorez (UAM-IFT) Dark Coupling July 2 2009
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Conclusion

Conclusion for V, T} = £Q u ™ Ja models

@ We have identified the source of non-adiabatic instability as a function of
0 independently of its specific form :

The doom factor characterizes the (un)stable regime :

0

d=— =
3Hpae (1 +w)

e d >1 = unstable growth

e in the other cases, Coupled Models are still viable !
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Conclusion

Conclusion for V, T/ = =0 um™ /a models

@ We have identified the source of non-adiabatic instability as a function of

0 independently of its specific form :

The doom factor characterizes the (un)stable regime :

0

d=——-——
3Hpge (1 + W)
e d >1 = unstable growth

e in the other cases, Coupled Models are still viable !

o Confrontation to data for Q = £Hpy.

e both w and £ are not very constrained from data.
large values for both parameters, near -0.5, are easily allowed ! !

e ¢ positively correlated with both €2,,h?

e m, -{ degeneracy : i.e. f,, increases for more negative &
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Conclusion

This the End
Thank you for your attention ! !
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Conclusion

Backup )
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Gauge transformations

@ There is always some freedom in the way we do the correspondence

between the background and the physical perturbed universe = Gauge

Freedom

@ Some quantities are gauge invariant like (W = ik/v and ¢? = 6P /5p) :

wlh = (2 —¢c2)
A = 6+p/p(v—B)

For example in synchronous or Newtonian gauge (B = 0) :

Wderde|,fde = (62 - 02)3de : (CZ - Cz)dde = Wderde|anyfmme

Ad@’rfde = 5d€ = 0de + Py Vde - Ad€|anyframe
e

~ OPge = a’gde‘spde - (éfde - Cﬁde)3(1 +wae) (1 + d) vaeHpae

Laura Lopez Honorez (UAM-IFT) Dark Coupling July 2 2009
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What would be reconstructed

...from H(z) data assuming no coupling and dynamical DE :

H*(z R
Ru(z) = H(2) = Qg,)rz(l +2)° + Qg;) exp [3/0 dzlil o }
0

N _1 R}_I(1+Z)—3RH
3 Ry — Q) (1+2)°

However in presence of dark couplings :

Ru(z) = f(w, 0,20 o))

Laura Lopez Honorez (UAM-IFT) Dark Coupling July 2 2009
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Reconstructing w(z) as a function of w and £

For Q = £Hpy, For O = ¢H pam )

3

3

2 3 45 s
~divergent for§ >0
Similar behaviour in f(R) cosmologies see e.g. Amendola & Tsujikawa *07
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Cosmo constraints

] Parameter H Prior ‘

wp 0.005-0.1
Weim 0.01-0.99
Ocms 0.5-10

T 0.01-0.8
) -0.1-0.1
fu 0-0.3
w -1-0

£ -2-0
ng 0.5-1.5

In(10™4,) | 2.7-4.0

TAB.: Priors for the cosmological
fit parameters considered in this
work. All priors are uniform in the
given intervals.

Laura Lopez Honorez (UAM-IFT)

@ wp = Qbh2 and Wdm = Qdmh2

@ Ocup is proportional to the ratio of the sound
horizon to the angular diameter distance,

@ 7 is the reionisation optical depth,

@ () is the spatial curvature,

o f, = Q,/Qy, refers to the neutrino fraction,
@ n; is the scalar spectral index

@ A, the scalar amplitude.
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0
& — Q,(< ) degeneracy

~0.01
~
S _0.02
~0.03
-0.04
~0.05

-0.06

EO.B -06 -04 -02 0
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0
& — Q,(< ) degeneracy

0.03
0.02
0.01
, For £ < 0, |¢] large
-0.01 .
& om ~» more {1y, in the past
oo small negative Qg can
-0.04 .
05 compensate this effect
e ] to describe well CMB data.
-16 -14 -12 -1 EO.B -06 -04 -0.2 0
v

The degeneracy between & and €2 gets alleviated
if one adds LSS data to the analysis.
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The Very Coupled Case : Q = EH pge

d=

§

3(1+w)

~~ strong coupling regime = |¢| large

Model: @ X pge || 1+w | € | pam | pae | d | Early time
instability?

+ F |+ |+ Yes

+ -+ | T |- No

- |-+ [+t 1+ Yes

- Fl+ |- No

Dark Coupling

July 2 2009
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The Very Coupled Case : Q = EH pge

de &

3(1+w)

~~ strong coupling regime = |¢| large

Model: Q X pge || 1+w | & | pam | Pae Barly time
instability?
+ F |+ Yes
+ |-+ |+ No
e Yes
R B O No
Laura Lopez H ez (UAM-IFT) Dark Coupling

L

w=-1.1

¢=-08

k< 0.001 h/Mpe

OB REE s B E TR ETRESEEB2RBRREIRBIIZaxdd

Q
=]
-

0.01

0.1

8, scale factor
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The Very Coupled Case : Q = EH pge

¢ 0.2 — T —T— T ———r
d=— F k= 0.001 h/Mpe -
3(1+w)
~ strong coupling regime = || large ad
Model: @ X pge || 1+w | € | pam | pae | d | Early time L
instability? & 01
+ F |+ |+ Yes
+ -+ | T |- No
- |-+ [+t 1+ Yes |
- Fl+ - No 0.05 -
STABLE when £ and 1 + w
. . B - il . i
have 0ppos1te s1g2ns Soo1 ool 1 .

a, scale factor

For Cosmological constraints, we
consider § <Oand 1 +w >0
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The Very Coupled Case : Q = EH pam

d—__ 5 Pim

3(1+w) pae '

Model: @ o pgm | 1+ w | € | pam | pae | d | Early time
instability?

+ ||+ |F |+ Yes

+ ||+t Yes

- |t - No

-+ F No
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The Very Coupled Case : Q = EH pam

¢ 10% g 0.04
d= _ S Pdm 1011; k= 10 h/Mpc |
3(L4+w) pae 10% j '
10"
10"
10t

loll
+ Yes 10
+ Yes < 1010
- No 100

- No 108

y

w=-0.9

=

Early time
instability?

Model: Q o pgm | 1+w | € | pam | Pae

¢=-0.1 - 0.02

O,

T TN Ty T Ty

|

+ |+
S EREN
H]+ [+ |+

107 1
108 — [
p/;ﬂ enhance d for small £ oo T ]
e 10 T
. . 1000 —0.01

~ |£| < 1 always strong coupling regime 10-¢ 108

&, scale factor
~+ Ok with Valiviita e al analysis
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The Very Coupled Case : Q = EH pam

k= 0.001 h/Mpe

d= 5 Pdm o
3(1 + W) Pde
-2
Model: @ & pgm | 1+ w | € | pam | pac | d | Early time
instability? )
+ ||+ | F |t Yes s
+ |+t F Yes ©
- |t - No -8
-+ F No
-8
% enhance d for small &
e
-10
~ |£| < 1 always strong coupling regime opr Tl i 0.2
~» Ok with Valiviita e al analysis & scsle factor
New : O = EH pg, model is free from
early time non-adiabatic instabilities when 1 +w < 0
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Some coupling from conformal transformation

From a Brans-Dicke action (with w = 0) in the Jordan (string) frame :
- ,

=5 dx\/—81PR; + Sy (¥, g,)

we get in the Einstein frame (& = Q') :

M>3 1

Sy

Using conformal transformation with
E 2,0
g,uy = Q g,ul/
©/Mp, = —V/6InQ.

In that framework, assuming that in the Jordan Frame : 7,7}, =0
we get in the Einstein frame coupled DE-DM system :

VTl = T gl 0,InQ = — 7, T

Laura Lopez Honorez (UAM-IFT) Dark Coupling July 2 2009
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Mass varying DM and Couplings

Non minimal couplings can appear for :
4 MIZ’I 1 " 2 E
Se= | d'xv/=ge | " Re = 50,000 = V(9) 0+ Su (v, 2) 80
with :
Ty = Ty 85 OvInQp) = — 7, TL”
this implies for pressureless DM : dIn pgy, = d1n€)(¢) — 3dIna; such that :
Mam < ()

In e.g. Amendola, Camargo & Rosenfeld *07 they parametrize the time variation
of the my,, as a function of the scale factor :

m(a) = moeli (@)
- pdm + 3dem = Cdem
pde + 3Hpae(1 + w) = —CHpam
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