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Known? Unknown!
5% 95%

5% Present your understanding
when you understand;

02 ByFaZ

recognize your not understanding

. , 0
A~ %Ug] ZN Ao 95% when you don't understand;

2 g . that's the true meaning of
R understanding.

— 3B A HE By Confucius

(Analects of Confucius)
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Why do we want to introduce the

DE--A?
1. QFT value 123 orders larger than the observed
2. Coincidence problem:

Why the universe is accelerating just now?

In Einstein GR: Why are the densities of DM and DE
of precisely the same order today?

Reason for proposing Quintessence, tachyon field,
Chaplygin gas models etc.
No clear winner in sight

Suffer fine-tuning

Thursday, August 30, 2012



Scaling behavior of energy densities

“ A phenomenological generalization of the LCDM model is

~~=n(7) =3 LCDMmodel,
' £ = 0 Stationary ratio of energy densities
&g 3 Coincidence problem less severe than LCDM

The period whpn enerav densities of DE and DM are comparable is longer

The coincidence problem
IS less acute

o)
&
can he achieved hv a siiitabhle in’rpra("rinn hetween DE & DM
/-.7.-\1 -+ 3H/)..\[ = Q . Px + 3H (1 + wx)px = —Q
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Do we need to live with Phantom?

Degeneracy in the data.

SNe alone however are consistent with w in the range, roughly
-1.5 = w_4 = -0.7 Hannestad et al, Melchiorri et al, Carroll et al

w<-1 from data is strong!

WMAP 3Y(06) w=-1.06{+0.13,-0.08}

One can try to model w<-1 with scalar fields like quintessence. But
that requires GHOSTS: fields with negative kinetic energy, and so
with a Hamiltonian not bounded from below:

3 M2 H2 = - (¢'VI2 + V(9)

‘Phantom field’, Caldwell, 2002

Phantoms an| Theoretical prejudice against w<-1 is strong!
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MAYBE NOT!!

-Conspiracies are more convincing if they DO
NOT rely on supernatural elements!

Ghostless explanations:
1) Modified gravity affects EVERYTHING, with the effect to

make w<-1.
S.Yin, B. Wang, E.Abdalla, C.Y.Lin, arXiv:0708.0992, PRD (2007)

A. Sheykhi, B. Wang, N. Riazi, Phys. Rev. D 75 (2007) 123513
R.G. Cai, Y.G. Gong, B. Wang, JCAP 0603 (2006) 006

2) Another option: Interaction between DE and DM
Super-acceleration (w<-1) as signature of dark : -

B. Wang, Y.G.Gong and E. Abdalla, Phys.Lett.B624(2005)141

B. Wang, C.Y.Lin and E. Abdalla, Phys.Lett.B637(2006)357.
S. Das, P. S. Corasaniti and J. Khoury, Phys.Rev. D73 (2006) 083509, ..
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The Interaction Between DE & DM

Phenomenological interaction forms:
pv+3Hpy =Q, px +3H (1+wx)px = -Q .

For Q > 0 the energy proceeds from DE to DM

Phenomenological forms of Q

(1) Q o O‘H(/)DM + /)DE)- (-) Q = O‘H/)DM and (‘3) Q = 5H/)DE

Thursday, August 30, 2012
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Is the interaction between DE & DM
allowed by observations?

Universe expansion history observations:

SNIa+CMB+BAO+Age constraints
B. Wang, Y.G.Gong and E. Abdalla, Phys.Lett.B(05),
B. Wang, C. Lin, E. Abdalla, PLB (06)
B.Wang, J.Zang, C.Y.Lin, E.Abdalla, S.Micheletti, Nucl.Phys.B(07)
C.Feng, B.Wang, Y.G.Gong, R.K.Su, JCAP (07);

C.Feng, B.Wang, E.Abdalla, R.K.Su, PLB(08),

J.He, B.Wang, JCAP(08),

J.H. He, B.Wang, P.J.Zhang, PRD(09)

J.H.He, B.Wang,E.Abdalla, PRD(11), X.D.Xu, J.H.He, B.Wang, PLB (11)

Galaxy cluster scale test

E. Abdalla, L.Abramo, L.Sodre, B.Wang, PLB(09)
J.H.He, B.Wang, Y.P.Jing, JCAP(09)
J.H.He, B.Wang, E.Abdalla, D.Pavon, JCAP(10)
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gSignature of the interaction in the CMB

Sachs-Wolfe effects:
{ non-integrated photons’ initial conditions

s ted Early ISW
Integrate has the unique ability to probe the

Late ISW “size” of DE: EOS, the speed of sound

4

Signature of the interaction
between DE and DM?

VT QR ™I VTR et IR e TR TR IR TR TRy ey

o) e TR e (e e e e
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Perturbation theory when DE&DM are in interaction

Choose the perturbed spacetime
ds® = ”2{ — (1 4 26)d7* + 20;B drdx' + [ 1 — ;)f."'i:_; + 20,0; L‘Jll.l"(l.l“) }

DE and DM, each with energy-momentum tensor 71 o = Q0

/») denotes the interaction between different components.

The perturbed energy-monentum tenser reads
1

5T = ?(Op 2¢p)

T = —[(p+p)V' +p0'B

— .o
0TV = ?'OPOU p(2¢6” + DYE)]
0T” = oT™

Thursday, August 30, 2012
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Perturbation Theory
The perturbed Einstein equations

0g, ~OR, 3G’ ST

9 9 L0 9.
Vo+3H(HY-6)+HV'B- S[VTE = ~4nGasp

V2 - V%' + 2HV2B - — V2B + %[VQ]QE’ = ~4Ga*(p+p)
a

V- 1 o " 1 £} om s '
00,0~ 00,0+ ;U0 + HOOE + S00,VE - IHO'D,B - 00,8

) v 211t
bﬁ(rﬂ.”‘;
N

! [ 2 0 2 { [} " -1 { 2 ‘ ' 1_ LN 9.
W +4— - 2H + SV §v%a ~4Hd' -2 + EHV}B ~ §vlzz - 61v3]3£ = 87Ga*0p
(‘ . . . L .

The perturbed pressure of DE:

o 0 Vd
- a*QY}—
vd Je

'..,) JH(1 + w)Vapa

opa = C284pa + (CF - (2 ]

) o = = D o - s "’
C? is the sound speed in the rest frame,C? is the adiabatic sound speed, s,
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Perturbation Theory

J
S

ol
8V, T =80,
; aQ2\ | o Q2| 5 a?Q2 a’Q2 .,
DM: Dgc i {( ch ) T oH ch Pe } Pe Dgc & ch .
= iV, 2089  000Q oG, o7Q¢ (i)’
Pe Pe er Pe H
2 !
V! 4+ HV, = kil — £ 92y, T
Pe Pe
DE; j
; 0’Qj ; 2 a*Q; a’Q; 0’Qy
D+ q(—2] - 30 +3(C2-w)d 4 L2244 g {3 C?-w)+ d} —
9d+{(PdH) et 2 u) pd de pd } il ) pd de
BT 2 50" 20° a20° '
- -(1+w)kv:,+3H(03-03)ﬁ‘—‘*+2~1:“ %, 0005 | 0, cd (ﬁ)
pa k pd pd de pa \H
kC? kC? Vi o, W a*Q",
‘ l = — ——d- 2 _d.__‘/ _4.‘
d+H(l 3w)V; T ng 1+wde(I) (Cf C)I-HIPJ Te 4+ kv - Py d+
He, Wang, Jing, JCAP(09); We have not specified the form o

the interaction between dark

He, Wang, AbdatarPRB{#)~=ggoriig e

iy e TR ) (TR T e o
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T —

! Perturbations

Phenomenological interaction forms:

(1) Q =0H(ppym + ppE). (2) Q =0Hppy and (3) @ = 0H ppE

”2(2?" - 3H(’\ll’m & /\ZI)d)
(leg = —3H(M1pm + A2p4)

Perturbation equations:

TN e e

D,, = =kU, +6HU(Ay + Aa/r) = 3(Ay + A2 /r)®" + 3HA2(Dy = D,) /7, .
U = —HU, + kW = 3H(\ + \o/r)Up ’
D), = ~3HC? {Dg = [3(Ar 4+ A2) 4+ 3(1 4+ w)| @} - 3')—((( _ ( ) ;Hl d_ . Qt; Uy ] ’
| ' ) “(1+ U')pdk

~3Huw [3(Arr 4 A2) + 3(1 + w)| & + FHwDy + 3uw'® + 3(A\yr + )\gj‘b' — kUyg = 6WH(Ar 4 Ao) ’
+3HMr(Dy - D,,) \
Uy = =H(1 = 3w)Uy + kC? {D,, = 3[(A1r + A2) + (1 + w)) D} }

-(C2-C .f)u‘Q.; +3(C% = C2YHU 4 + (1 4+ w)kW + 3H(A\yr + Ag)U,.

") Pd
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Perturbations

Choosing interactions

(1) Q=0H(ppa + ppE), (2) Q=0Hppyr 15
0G, =8tGoOT, 10"}

l/i(r'll.-)S i { I)"’ I'f( ', i | + w i/.': 101. ’

O
fe2 InGa* L ,,: H 107"k

W>-1 Maartens et al, JCAP(08)

q
Nns
Is this result gené \—\o “‘efac’ﬁo
\
' vioWN ?b?' ~
N
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Perturbations

’ ,. 1 AN
]), = - t — - l - - ) il 1
= 1 + w k

KUg 4+ OH(1 — w)(ANr 4+ Ao+ 1 4+ w)P

Uj Ao+ 14 w)P+ (1 + w)k
w>-1 A #0 divergence the interaction proportional to DM density
A =0, #0  divergence disappears :
w>-1 1 the interaction proportional to DE density
w<-1, always Stable perturbation
couplings DE DM Total
W>-1 Stable Unstable Unstable
W<-1 Stable Stable Stable

J.He, B.Wang, E.Abdalla, PL B(09)__.
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ISW imprint of the interaction

The analytical descriptions for such effect

G i f B ) | e (k[ro — ])e) =D’ — '] |2
: 4 ()T)’ B

where P, (k) is the power spectrum of the |>|1muu|1 il coverture perturbation. j; is the spherical Bessel functions. x

denotes the optical depth for Thompson scattering.From Einstein’s equations,we obtain,

v @ = —20'—T'=2H 4 $ + 47Ga® Z "i(])i + /)i )/ (HE)+T } -7’
' = —H® - HT — 4xGa® Yy V'(p' +p')/k

d4nGa? " p; {D’ + 3HU* /k}

é =
I\) — —1/&(1(1 Z /)?-‘,

ISW effect is not simply due to the change of the CDM
perturbation. The interaction enters each part of
gravitational potential.

J.H. He, B.Wang, P.J.Zhang, PRD(09)
J.H.He, B.Wang, E_Abdalla, PRD(11)
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Imprint of the interaction in CMB

< Snteraction proportional to the energy density of DE

N e T T <, Ceoas -
— - ,7'--___:___» ?.,-O .a“" y
(‘3 1000 T8 Lommmmml, :O-(‘)'Z__‘/
i o o |(|+1 )cm 2
— Bl |(|+1 )C'ISW
o et £, =0,W=-0.96
. 2
< Interaction pr I(1+1)C, ‘ a,=o.oc15| o / z
1000 - §,=0.01 /
5 e z
S 1(1+1)C, >
:é_; 500 |- -1 z
: £,=0,W=-1.08
|(|+1)C'SW e
10
J.H.He, B.Wangq, PJ Zhang, PRD(09)' o
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Degeneracy between the ¢ and w in CMB

< The small | suppression caused by changing ¢ can also be
produced by changing w

¢ can cause the change of acoustic peaks but w cannot

X

o?

1 l“.l_l_(l)lsld l;:=lol LI llll L 1] LI lllll : : 1 ] I“.l=lll.l2ld I;:l;O | | IIIII L L 1 lllll .
-, 0.04 —W=-0.60 . = C ==& =0.001 —We-1.10 - 3
6000_— ceEm0.02 0,70 ‘ model I = 6000F- --&_:=0‘004 o ) model IIl_-
§,=0.02 W=—0.80 n E §,=0.007 W=—1.30 . 3
< [ -=-45,=004  —wW=-0.90 F --§,=001 —w=-1.40 -
= - % = a
g 40001 = 4000F J -
cl B = E y
Sl : v F
= 2000F 2000F-
. 3
" e :~:i;~? = m
- :;;:~1;.<;.ﬁ¥g\=\-=~__]__4,|||||l r 1 a3l ‘ : e N L1 a1l ool
S 10 d b100 ¢ 6000 10 100 1000
uppression causediby § cannot be Suppression caused by & is more than
distinguished from that by w that by w

~DE 3
He, Wang, Abdglla, PRB(tH ¢.~DM, DE+DM
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{  Degeneracy between the § and w.

» The change of the acoustics peaks caused by ¢ can also
be produced by the abundance of the cold DM w, = Q.h*

8000 I Illdbg | | IIIIII | L & 1ENED

L =10
— s L

cdm_. cdm—
007 = = (04M=() ()7
ufdm—o 08 .. .o%m=(008
0= 09w w ®d™=0,(9

cdm— cdm_
Cmmoummow

D
o
o
O

N
o
o
o

“Illlllllllll
llllllllllllll

1(0+1D)C ' /(27) [1 K
=
o
o
o

llllllll ] lllllllI | llllllll

10 100 1000
To break the degeneracy between ¢ and W¢, we can look at

small | spectrum. ¢ can brlng clear suppressmn when §~DM or.
DM+DE, but notfor<¢=DE™* P AT A A A e
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Likelihoods of e’ w and ¢

¢ ~DE

¢ ~DM

0 005 04 015-25 -2 -15 -1 0  0.005 0.b1

¢ ~DE+DM | . ;
0 0.05 0 1 0. 15 =29 =2. =1 =1 D O.QOS 0.01
Q h L S
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| |
| Fitting results
4
D -
A WMAP7 Y Parameters Model 1 Model 11 Model 111 Model IV
R 0.67870 00T L0070 — | 0s0re T Os3Te :
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He, Wang, Abdatay PRB{H— s eemememeemeofs
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N

s Alleviate the coincidence problem

Interaction proportional to the energy density of DM

10000 - . :
9000 :- \\\ §‘=0 .
oz £,=0.0001 -
7000 |- £=0.0003 d
o o _ ———£=0.0006 i
\E 5000 |- .
3 .

: : ~— 4000 |- A
0000 0001 , 0002 0003 ’ :
° ! | £,=0,W=-1.08 |
2000 | \. ’ 2 4
1000 |- " .

0 b 1

J.H. He, B.Wang, P3"Zhafg,"PRD(09 )" " &= &= AR S et s

e e TR T (i e e e
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To reduce the uncertainty and put tighter constraint on the
value of the coupling between DE and DM, new
observables should be added.

Galaxy cluster scale test
E. Abdalla, L.Abramo, L.Sodre, B.Wang, PLB(09)

Growth factor of the structure formation
J.He, B.Wang, Y.P.Jing, JCAP(09)

Number of galaxy counting
J.H.He, B.Wang, E.Abdalla, D.Pavon, JCAP(10)
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Growth of structures

In the subhorizon approximation k>>aH, DM perturbation

., 9 ( 0 y -3( 0 n( (':ll\ 1) 3( 0 ( 2:5 ('),|‘\'l) . 1.(5( V: I)
A, =-—(Hy—= 20°Qm AL 4 (—A T Em | Fm iy G Cmy A (@ Iy, (300m s  a7kbQ,

"I ,)’” I)”l I’"l I)' I,'H ’)IH
DE perturbatlon

...( 0 3 A ,'2()0 . 2( 0
A:i = 3H ( :A,; ( .')i ’AI + {H(l Jw) 7 :— ﬂ - ”_"’} . { 3‘)—{("- + 3wH a Jd } A,;
Pd w Pd

Pd Pd
V)
o ) 2 2( 0 } d - ’ a~ ‘Q{,( 9 2
H+3HC? — 6wH + 204 _ W _Pyar (200 ) 2024,
E Pd | + w Pd Pd :
Vi)
e (
L3(w'H + wHNAL — kK°(1 4+ w)¥ 4 #

’ o(vr)
P gy = (8 Qg S0

1 +w Pd Pda - :

v/

}e
Pd

Pd

. [3M,, - .
IntrOdUCing the interaction Q. = [”._, (61 pm + (5-_,,;,,).().().()]

-
3

oY — [ H(,,,,),,, + 62p4), 0,0, (,)] :
a~

In the Qllhﬁ{nriw\n annroximation k>>aH
(5( (1)'(1‘ l) o ?2—((5]()[){” ‘+‘f)2(5/7(11) 0[)"1 — Ol),“
6Q0”” _ 3H

2 : N R
—(8,0p" + 320p%) 0pg = 0pad.

a
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Growth of structures

8,=0,6,20.01,W=-0.90 k=0.01hMPC '

''' p——
.”'-'

o0

5,20,5.=0.01,Ce’=1 k=0.0ThMPC"

log, @

00

for smaller C?, DE perturbation grows.

w further away from —1, DE perturbation )

grow more and will influence the DM perturbation

for fixed C2, DE perturbation

grows when w deviates from —1

2

When Ce is not so tiny and
w close to -1, in subhorizon approximation,
DE perturbation is suppressed

e e e e o il e

The Influence of the DE perturbation on the structure forma
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( Growth of structures

I o L

8,=0W=-0.90,Ce’=1 k=0.01hMPC

The influence of the

30 4.5 00

o interaction between dark
<} 7 |- e sectors on the structure z
F s formation z

e st ' o
m H
ke The influence of the interaction between dark sectors can start to appear in the very recent epoch l
------- ,5,20.03
10 .%%‘:' — e l
!

To see more clearly of the influence of different parameters on the growth history of the DM perturbation

introduce the growth index v with the definition [3]

= (00 B
Jm = (]an) ln(Am da )
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Growth of structures

)

6}=SE-3

g ———————
054 | C&=0.1,W=-0.70,5 =0 k=0.01hMPC"

~ With DE perturbations
~=- Without DE perturbations

054 b Ce'=0.1W=-0.90,5 =0 k=0.01hMPC"

—With DE perturbations
e Without DE perturbations

062 p

062 |

?r:m- {m
058 - 058
056 /”__ﬂ__io_____,_,_‘ 058 P .5.:-15-3‘.
8=-1E-3 g
054 N 1 " 1 ‘. L " 1 FaETa . 054 _ L s emmmn 1 . A N
e v Hes Wang, Jing,"JCAPO9 » = * ¥

The interaction influence on the growth index overwhelm the
DE perturbation effect.

This opens the possibility to reveal the interaction between
DE&DM through measurement of growth factor in the
future.

Thursday, August 30, 2012
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.
g Layzer-Irvine equation for DM

Layzer-Irvine equation describes how a collapsing system
reaches dynamical equilibrium in an expanding universe

EQLDM_.'_the rate of change of the peculiar velocity is

O "
m(("ﬁ"") = —Vz(atm + avpg) — 3H (&1 + 6‘2/")(”“"’":)
Neglecting the influence of DE and the couplings, ---Newtonian mechanics

Multiplying both sides of this equation by 7 ,,,a#,,,. integrating over the volume

and using continuity equation,
: : ] d ,_
Trn -+ (-"rnnn. ~ H(QTna -+ l-"nnn.) — /".-‘"'d'(;'t'(o'n:f) = 'BH(£1 + E.'.?/")Trn
+3H {all"rnnl -+ E'.Zl-"rd'ln -1 261 L’rnun =1 262 l-'r(l(l} .

describes how DM reaches dynamical equilibrium in the collapsing system in
the expanding universe.

o altHe, B.Wang, E.Ahdalla,.D,Pavan,.JCAP(10), mgz
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TS Virial condition

If Swe DE is distributed homogeneously, o, = 0,
MM:- Tm + Umm + H(2Tm + Umm) = _3H(€1 + 5_2/7')Tm + 6EI{lUmm-

For a system in equilibrium 77 = Ui = 0,

Virial Condition: (2 + gl T 62/’ )Tm T (1 - 951) mm — =0

presence of the coupling between DE and DM changes the
equilibrium configuration of the system

Galaxy clusters are the largest virialized structures in the universe

Comparing the mass estimated through nalve vmal hypotheS|s with that from
WLand X-ray AT T : .

fi = Mx /Mo
fo = Mwr /M, ,
fa = Mx/Mwry .

33 galaxy clusters optical, X-ray E. Abdalla, L.Abramo, L.Sodre, B.Wang, PLB(O)
and Weak |enS|ng data%““%%%w%%%%%

B Nt TR e e

P(C)
3

002 000 002 O04 008 00 010 012 S m em o0 o0s 008 oo 0® on
&
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=y

§

Q™G Ay

1 +w ~- s
For DE: starting from Et«un-v,w_—vr (ahg) + 3H [n.-' )+ = ,r+s..,>}._,,m

Multiplying both sides of this equation by a1/, integrating over the volume
and using continuity equation, we have: Z

(1 +

Layzer-Irvine equation for DE

)

w)Ty + Uda + H[2(1 + w)Ty + Ugad) = =3H {2(C? + &)Uaa + 261Umm + E1Uma + (C2 + £2)Udm }
') a g ; 4 9
—/r.',,,;—t(rr(;.f) - .-;/1,,?_,.(”,,;5 + 3H [(l +w)w —2C2%) + (1 + w—2C3) (&7 + \>]] Ty,
(
g~ 'y ¢ " r \ (.) A ’ y ~
Im T (":mm + H(27m + ('mm ) = — /’.'417(0’1"\:) _— '{H‘SI + C‘J,"”')]m z
4 (

+3H {‘f.l("md + E.'.’("'rhn x p 2\(.1(":“1" T 2&.’(“:!:!} y

Z
Z
Z
/
m@#mwmw@mwwum%
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g Layzer-Irvine equation for DE
.EQLQE;.StaI’tlng frOm %l""”) = =ValaV) - %V:'(tdd) +3H [(ﬂ‘ - )+ M(fxr +€2}} (aVa)

( 1 4 w

Multiplying both sides of this equation by a1/, integrating over the volume
and using continuity equation, we have: Z

EQE (1+w)Ty + Uga+ H[2(1 + w)Ty + Uad) = =3H {2(C? + &)Uaa + 261Upm + E1Uma + (C? + &2)Uam }

DE:

() e g , : : S ) L
—/c.-,,.(.‘T,(n.:s) ~ «-:/‘.:V_.-trr.ns +3H [(1 4 w)(w — 2C3) + (1 + w — 2C3)(&1r + &)] T,

4

. . - o | .
’I‘m T Um m T H(_27m + ('m m ) e / 4 '417(0’7" 5) e ';H(f.l + £'.’ ."' ’)7 m
4 (

DM:

+3H {‘f.l(‘vmd + \c.'.’("'r!m x p .-)\c.l(“'mm T 2&'.’(»':!:!} y

The time and dynamics required by DE and DM to reach equilibrium are
different in the collapsing system.
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g Layzer-Irvine equation for DE
Eor DE: starting from (e = ~7.(e¥) - 1550, () 38 (0 - )+ S (er +)] (ak

(

Multiplying both sides of this equation by a1/, integrating over the volume

and using continuity equation, we have: 82
Fs !r (1+ Il']j;! + l..dd < p H{-z'l + l"):I;l + l.«hl: = —3H {2‘('.2 + E'.Z :'l‘-dd + 2§ { .mm . E]l -md + ((.,;-? + f‘.’ ) .dm }
» ) o g ; : : S . e
DE. — / t.',,,%[rr,;f) - Cq /I,,V_,.(n,,).; + 3H [(l +w)(w—-2C7) + (1 +w-—-2C3)(&ir + Eg]] T4.
( .
F!!r 1m T ('mm + H(-)Ym + I'mm )= — ‘/ ’.'llm(nmi) o~ {H(gl + c‘.’."' )Im

™
% +3H {\c.l( md + \c.‘.?(‘dm " 3 2£|(‘,,”,, T ‘-)E‘.’(*rhl} .

The time and dynamics required by DE and DM to reach equilibrium are
different in the collapsing system.

DE does not fully cluster along with DM.

CoReed) e TR T ? o 5
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Thursday, August 30, 2012



— Qs ARy

g Layzer-Irvine equation for DE

b a . . C? 0. 14+w-c2 .
— = -—\/ ’ —_— ——\/ . —.—: ) - ") + LY P ‘., '
Eor DE: starting from (@) = -Ve(a¥) - 520, - (aha) + 3H [(" T . +"’} )

(

Multiplying both sides of this equation by a1/, integrating over the volume
and using continuity equation, we have: Z

EQE (1+w)Ty + Uga+ H[2(1 + w)Ty + Uad) = =3H {2(C? + &)Uaa + 261Upm + E1Uma + (C? + &2)Uam }

DE:

() e g , : : S ) L
—/c.-,,.(.‘T,(n.:s) ~ «-:/‘.:V_.-trr.ns +3H [(1 4 w)(w — 2C3) + (1 + w — 2C3)(&1r + &)] T,

4

. . - o | .
’I‘m T Um m T H(_27m + ('m m ) e / 4 '417(0’7" 5) e ';H(f.l + £'.’ ."' ’)7 m
4 (

DM:

+3H {‘f.l(‘vmd + \c.'.’("'r!m x p .-)\c.l(“'mm T 2&'.’(»':!:!} y

The time and dynamics required by DE and DM to reach equilibrium are
different in the collapsing system.

DE does not fully cluster along with DM.

The energy conservation breaks down inside the collapsing

system. sl He, BWang. E.Akdalla,D,Pavan,JCAP(10)
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Spherical collapse model

H: “:E i !: iDE: /)()\lus!(l
In the background:

The energy balance equation s, + 310

Friedmann equation  3M, H” = pu + pu

In the spherical region:
Pavchandhnri’e anniation — dynamical motion of the spherical region

g =3E

= P\ + O) 04 =0

/’m <+ 31’/’771 == 31[(£1[’m -+ £2[’d)-

<+ “.)’)1! e 3”(&1,’": * ('2”1{)

. 1 , v ‘ '
6= —50° —4nG Z(p,\ + 3pa) Local expansion

The energy balance equation in the spherical region:

-)(I;Iluster TE :SI’/frlzlletrl . ‘H( :'Ilusler + 52/)(1) h _ R/R
DM perturbation equation
d?lné,, 3 | — dino,, dind,, : o
dlna® [ 3\ )l Zima T\ dna ) =
(3¢, + 6 & )«Ilms,,, [ L5 +3¢2 c dinr 5 dinH +1)]+ 3()
ol ’_' (l{“ll I 2 \l\) b ,“ ’ lll”(l - (ll”ll 2--’“ )
34
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Spherical collapse model

Inhomogenous DE : DE does not trace DM

DE and DM have different four velocities u{,;, # u{,,, a = 7(4(m) + Vi)
I(”I::) == /)’””‘(IUI)”Z'MI)

The non-comoving perfect fluids
'I'(':,") — /),,u‘[",.uf‘,,l 4—1),,/1‘('(',')

Rest on DM frame. we obtain the energy momentum tensor for DE,

Trlb Ay a b_‘_ ]“')_L‘) (a b) a a energy ﬂUX Of DE
() =PRI, AN q" = (pa = pilvy  observed in DM frame

The timelike part of the conservation law, 1,V T(Y) = u, Q75 \

~cluster ol cluster ‘ ( cluster cluster
@ DM /)m T -3/?[),“ — 31{(5”) 1K 'E'lpd )

m

lusler | « Coay clus , duste 211/ luster cluster
o DE p(_flu ter —3’1(1 + U',|p§1u ler _ l)|l iy ll')/);,u te? _xH‘flp;f‘J fer *SZP(;U (u’

l V=Vt

Additional expansion due to peculiar velocity of DE
relative to-DM

Thursday, August 30, 2012
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Spherical collapse model

The spacelike part of the conservation law h;V, T}, = h;,’Q:’,\)
Only DE has non-zero component ¢y, + 4hq(; =0 D \
¢ = (pa +pa)vy is the DE flux observed in DM rest frame Vi

Only keep linear, we obtain: 1) + h(1 — 3w)y = 3H(&T + &)

ccluster y cluster ‘ ( cluster | cluster
p + 3hp = 3H(iom 200 )

“m m

cluster

Pd T 3’1(1 T u,]pglusltr = _d(l i U')pgv’u“” 3 3H(Elp:‘,f?Uafl_l' + Sgp:;luslu')

o)

Raychaudhuri’s equation

We can describe the spherical collapse model when DE does

not trace DM .-
J.»H.He, B.Wang, E.Abdalla, D.Pavon, JCAP(_1 0)
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VN Ny

Press-Schechter Formalism

dn(M, z) [2 P Oc _52/242
——— —_—— c/ =
dM 7 3M? o
2 Y v .
We=1.045 =0,Ce®=1
18}
16 e’ 0.0
w” 1.6} =0.01
.......... £5=0.01
k- =—0.01
.......... §2--0.01
14} £5=-0.03
£,=-0.03
' w 4 A ' 1
“0 1 2 3
4
(n)
150
W=—1.04,5 =0,Ce?=1 ACDM
=0.01
fwedas, £2=0.01
100 —g3=-0.01
- = = tz-_°o1
= £5=-0.03
g §,=-0.03
SOF A\
\\"""- 10™amn™ ot
\\ M,)<10
% 1 > 3
z

|

dNigz10®

aNdz/10

.H.He,
B.Wang,

.Abdalla,

.Pavon,

JCAP(10)

R do
o dR
w Ll
35 o W-°1.0‘.§"°-c’2"1 Ac.émo
fixed ¢ . By
= s ST £,=0.01
— £ =001
anl S £,=-001
N\, =)
-0} \\ ?2--0'3‘
\\ ..'..
15f RN
\\\ ..'\..
10} \ bl B o
st \
o 3 > 3
F4
(b)
We=1.04% =0,Co"=1 .
I fixed o t: 0
25 -+ A -55=0.01
—k =001
C ) - .{2-—0‘0‘
=-0.03
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15} =
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Cluster M

Cluster N
WL

Redshift
Distortion

the interaction between DE and DM
CMB

A lot of effort is required to disclose the signature on

R e TR e (R T e e
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Understanding the interaction
between DE and DM from

S. Micheletti, E. Abdalla, B. Wang, PRD(09)

Ve entR) TR TR TRy TR TR QeI QR R TRy TRy

R e TR e (R T e e
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Two fields describing each of the dark components:
a fermionic field for DM, a bosonic field for the Dark

£ = V=g{-V(e)VT— ad@Bup + = [I*V, ¥ — TV /4 ¥] — (M — Bp)TT},

where a is a constant with dimension MeV =%, 3 a coupling between dark energy and dark

matter fields, V(p) the tachyvonic potential and g the determinant of the metric,

Friedmann-Robertson-Walker cosmology g, = diag(1. —a(t)?, —a(t)?, —a(t)?)
c'(|ll;||inl| of motion for the scalar field to be
S | dInV(p) . FAAVE —
RT TR, e ) | BBl Al ' IR - S i SN ¢ ey |
% ( 0 )|:u dp % aV(yp) .4
with H = £, 'We also have

Ad(a3 i)

—— 128 ) S
ot
d(a ) o
dt '
4 Pt
From the latter, W\ = ‘l'—':{'—'-i Moreover,
P = ¥:l)
5 \/l — r-‘.‘? ;
P, = V() | [a 27-L N
/'\p - .\,.‘l’ ‘l’
¢ =),

s —
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) ‘[’u‘[’n”ﬁ

. — 42
wo = Pylpp = —(1 = ag?),

. 7
: - - ‘I’u‘l’n”f.
v T -'ll/’\l) . )T'_—;;

+3Hp,(wy +1) = B¢

|

similar to the one usually used as a phenomenological model,

RHS does not contain the Hubble parameter H explicitly, but it does
contain the time derivative of the scalar field, which should behave as
the inverse of the cosmological time, replacmg thus the Hubble

e e - A Y oA M 0t

The Friedmann equation for a flat universe reads

g2 _ ,', ”,\If Woag r\'[;) |
ii.\/ﬁ, ' a3 V1= ap?
) ,”~H-n
Vi(p) = = i 0
D
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Summary

< Motivation to introduce the interaction between DE & DM

< |s the interaction allowed by observations?
CMB+SNIla+BAO+Age
Galaxy cluster scale tests

< Alleviate the coincidence problem

< Understanding the interaction from field theory
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